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ABSTRACT 
Silane crosslinked polyethylene was introduced for wire and cable insulations, and is 
now used extensively for the manufacture of domestic hot and cold water pipe 
systems. Silane crosslinking of polyethylene is a two stage processes, the first stage is 
the grafting of organosilane molecules onto polyethylene, and the second stage 
involves crosslinking through the alkoxysilane (Si-OCH3) groups to form siloxane 
(Si-O-Si) linkages. It is the grafting stage that influences the materials behaviour and 
therefore properties and performance of the crosslinked product. 
ISOPLAS crosslinkable polyethylene manufactured at Micropol Ltd has shown slight 
variations in measurable properties amongst materials processed in the extruders, 
which are determined using quality control tests in order to give a rough guide to the 
processability. Therefore, a detailed study was carried out to gain a better 
understanding of processing and structure-property relationships of the material. 
The objectives of this research work were to identify suitable test methods to 
characterise the structure of silane grafted High density polyethylene (HDPE) 
material, also to identify parameters within the grafting process which may cause this 
structure to change. The primary objective was to identify a practical test method that 
characterises each silane grafted HDPE material manufactured. 
In this study a series of silane grafted HDPE material with varymg silane 
(Vinyltrimethoxysilane) and peroxide (1,3-bis(tert-butylperoxyisopropyl)benzene) 
concentrations was processed using a twin screw extruder operated at a temperature 
range 180°C to 240°C, and a screw speed of 250rpm. Several characterisation 
techniques such as Fourier Transform Infrared Spectroscopy (FTIR), Differential 
Scanning Calorimeter (DSC), Melt Flow Indexer (MFI), Gel Permeation 
Chromatography (GPC), and various soxhlet extraction procedures were used for 
analysis. This was done in order to understand the affect of silane and peroxide on the 
structure and therefore properties of the grafted material. A detailed study was also 
carried out to understand the chemical reactions occurring during the processing. 
The results obtained from the quantitative FTIR method established to determine the 
quantity of reacted and unreacted silane, concluded that apart from the direct silane 
grafted to polyethylene undesired by-products such as homopolymers, dimers, and 
trimers are also formed. Evidence for their presence was obtained using solvent 
1 
extraction techniques. This method and other existing characterisation techniques 
were used to analyse production material processed at Micropol Lld in the Leistritz 
and Buss-Ko-Kneader extruders. The results obtained indicated slight variations in the 
samples processed in the Leistritz compared to those processed in the Buss-Ko-
Kneader extruder. A higher level of grafting is achieved on the Buss-Ko-Kneader than 
the Leistritz extruder. 
KEY WORDS: Silane grafted HDPE, peroxide concentration, si lane concentration, 
Fourier 'Transform Infrared Spectroscopy, Quantitative FTIR method, reacted 
VTMOS, unreacted VTMOS, by-products. 
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CHAPTER ONE INTRODUCTION 
CHAPTER ONE: INTRODUCTION 
1.1 General overview 
Polyethylene is the most widely employed thermoplastic material, and it may be 
modified for industrial use by crosslinking. Crosslinking polyethylene drastically 
improves properties such as creep, impact and chemical resistance and for many years 
has been of great importance in the use of cable and wire applications. It is now being 
used extensively for central heating, domestic hot and cold water systems, and 
underfloor heating systems. 
There are three ways of crosslinking polyethylene that are of commercial interest. 
(I) Using high energy radiation (gamma or UV) or electrons, known as radiation 
crosslinking, (2) using thermochemical means (e.g. heating in the presence of 
peroxides) known as peroxide crosslinking and, (3) using moisture to crosslink certain 
high density polyethylene (HDPE) that have been grafted with reactive groups such as 
vinyltrimethoxysilane (VTMOS) this is known as silane crosslinking [I]. 
The silane crosslinking technique involves different crosslinking chemistry compared 
with the usual crosslinking processes, resulting in technological advantages and 
improvements in many properties compared with the radiation and peroxide 
crosslinking. Crosslinking of polyolefins with unsaturated hydrolysable silane at 
temperatures above 140°C has been patented [2]. The process involves the presence of 
peroxide that can be used to generate free radical sites on the polyolefin, and then 
exposure to moisture and a condensation catalyst can result in crosslinking of the 
polyolefin. 
Micropol Ltd is a world class leading European manufacturer of graft copolymers of 
polyethylene and VTMOS with the trade name ISOPLAS. Micropol Ltd supplies 
material that consists of two components: graft copolymer and catalyst masterbatch; 
these are supplied as granules to other manufacturing companies. The compounds are 
then shaped into the final products using standard melt processing techniques usually 
those such as extrusion or injection moulding and then moisture cured in hot water 
baths or steam sauna. During this stage structural changes occur as the material is 
crosslinked. The graft copolymer is the most important component and can only be 
made on sophisticated extrusion compounding equipment that uses high levels of 
control for processing systems. The processing involves using compounding 
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equipment as a chemical reactor for mixing, dispersing and pumping. The catalyst 
masterbatch does not involve any chemical reactions, but the compounding equipment 
is needed to disperse the chemicals. This masterbatch is then added to the 
crosslinkable graft copolymer just before processing. 
Figure 1.1 shows a flow diagram of the SIOPLAS process that is followed to produce 
the finished product. 
GRAFf COPOLYMER 
POLYETHYLENE 
. SILANE INITIATOR 
BLEND 
GRAFTING REACTION 
CROSSLINKABLE 
GRAFTED COPOLYMER 
BLEND 
~ 
CATALYST MASTERBATCH 
POLYETHYLENE 
CATALYST ANTIOXIDANT 
\ / 
BLEND I 
COMPOUND 
CATALYST 
MASTERBATCH 
I FABRICATE INTO SHAPE OF ARTICLE 
L 
CROSSLINK 
~ 
FINISHED PRODUCT 
Figure 1.1 The SIOPLAS process 
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1.2 Aims and objectives 
Micropol Ltd carries out a range of quality control tests on the manufactured Isoplas 
material, which are performed in order to understand the behaviour of the product. It 
has been established that there is variation in the silane grafted HDPE material 
produced at Micropol Ltd. Therefore further investigation was needed to understand 
the factors that could influence these variations. 
Following the Sioplas process a range of formulations was used to prepare si lane 
crosslinkable (grafted) polyethylene using a twin screw extruder. In order to 
understand the effect of this variable and the grafting process on the structure and 
therefore properties of silane grafted polyethylene suitable test methods were used for 
characterisation. It was concluded that the grafting formulation causes a variation in 
the structural properties of the grafted material. This variation indicated that a detailed 
study was required. The main aim of this project was to develop an understanding 
about the chemical reactions which could occur during the grafting of silane onto 
polyethylene prior to crosslinking; this in effect gives a clearer understanding about 
the behaviour of the material. 
The objectives of this project: 
> To investigate how variations in silane and peroxide concentration affect the 
structural properties of silane grafted polyethylene. 
> Identify suitable tests and test methods to characterise the structure of silane 
grafted polyethylene e.g. directly by identifying and quantifying the different 
types of bonds present in the structure, or indirectly by measuring some 
property directly related to the structure. 
> To understand the chemical reactions that might occur during the grafting 
process and identify solvent extraction methods to eliminate any undesired by-
products that could have formed. 
> Identify the products formed in silane grafted polyethylene, and develop a test 
method to determine the concentration of siloxane linkages present in the 
grafted materials. 
> The primary objective of this project is to identifY a practical test method that 
can characterise each silane grafted polyethylene material manufactured. 
> Apply the existing tests and established test methods to production material. 
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CHAPTER TWO: LITERATURE REVIEW 
2.1 Introduction 
Polymeric material can be used as plastics, rubbers; fibres, coatings and adhesives. 
Polymers provide the raw materials for satisfying basic needs for our everyday life, 
such as clothing (cotton, wool, silk, fur), cosmetics, shelter (buildings), television and 
computers, communication (radio, telephones), household utensils, food (starch, 
protein) etc. It is also used in the construction industry, for numerous applications 
such as piping, resilience flooring, electrical insulation, paints and decorative 
laminates [3]. Since the Second World War polymeric materials have gained a great 
importance in the chemical industry [4]. 
Polyolefins belong to a family of polymers that have great commercial importance. 
2.1.1 Overview offree radical grafting 
Free radical grafting is the most widely used method to obtain modified polymers. 
Free radicals can be produced in reactive extrusion processes in the presence of 
polymers, unsaturated molecules (vinyl monomers) and a free radical initiator. The 
free radicals are the starting point of the free radical grafting process. The main 
reactions that occur in the grafting process are initiator decomposition, hydrogen 
abstraction, graft initiation, intermolecular/intramolecular-H-abstraction, graft 
propagation, homopolymer initiation, crosslinking, chain scission and propagation 
[5,6]. 
Figure 2.1 shows an overall scheme of free radical grafting reactions onto a polymer 
[7,8]. 
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Figure 2.1 Free radical grafting schemes [7,8) 
In the reaction scheme; 
M is an unsaturated molecule (vinyl monomer) 
R is the initiator and R * is the free radical intermediate 
r 
P is polymer [-CH-], p* is a polymeric macroradical and P-M* are 
macromolecular radicals 
P-MH is the grafted product 
2.1.1.1 Side reactions 
Other reactions known as side reactions that may also take place during the free 
radical grafting reaction are chain scission, crosslinking, and homopolymerisation 
P-P is C-C cross linking of polymer 
P-MyM* is a homopolymer (homopolymerisation via polymer) 
RMxM* is an oligomer (homopolymerisation via initiator) 
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A= -C=CH2 
I 
R' 
Chain scission of polymer 
B= r-
2.1.1.2 Initiation! Propagation 
At first primary free radicals (R *) are generated by the thermal decomposition of an 
initiator 
R----+~ 2R* (2.1) 
Once the radical is formed it may follow two different reaction pathways. 
It can lead to undesired homopolymerisation, where monomer adds to the radicals to 
form monomer radicals. 
+M 
R* + M ----_~ RM* ----.~ RMM* etc (2.2) 
OligomerlHomopolymer 
If more monomer continues to react with the radical then an oligomer or a 
homopolymer is formed. The other path that is desired is a radical generated on the 
backbone of a polymer chain by abstracting a hydrogen atom forming a polymeric 
macroradical. 
R* + PH -----... ~ p* + RH (2.3) 
The macroradical formed can experience several reaction types, such as grafting of 
monomer, chain scission in which the macroradical breaks down into two smaller 
fragments. If the macroradical experience bimolecular termination by combination, 
the long chain branching increases forming a three dimensional network structure. 
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2.1.1.3 Grafting reaction/Termination 
When the polymeric macroradical reacts with a monomer molecule (double bond of 
the vinyl monomer), the monomer is grafted onto the polymer backbone forming a 
branched (grafted) macroradical. 
P- + M -------_~ PM- (2.4) 
If the branched macroradical continues to react with more vinyl mono mer molecules, 
longer grafts will form such as polymer grafted homopolymers. However, it may also 
undergo termination through chain transfer to polymer by a hydrogen atom of the 
same or another polymer backbone forming a new macroradical 
PM- + P-------_~ PMH + P- (2.5) 
This polymer radical formed then repeats the grafting cycle yielding more grafts. 
2.1.2 Crosslinked polymers 
Crosslinking is "the formation of chemical links between molecular chains to form a 
three dimensional network of connected molecules" [9]. Occasionally the term curing 
is used to denote crosslinking [10]. As the branches on the polymer chains increase in 
length and frequency, the branches start connecting together from chain to chain and 
are chemically modified to covalently link adjacent chains. When all the chains are 
connected together in a three dimensional structure by these crosslinks, the molecule 
has formed into a large molecule known as a crosslinked or polymer network [4]. In 
the presence of solvent the crosslinked polymer swells as the solvent molecules 
penetrate into the network and are held in place [10]. The term gels can be used to 
denote these swollen crosslinked polymer networks [11]. In crosslinked network 
polymers it is common to relate to crosslink density, that is, the number of crosslinked 
monomer units per main chain [10]. This can outline a visual image of the polymers 
structure. 
Crosslinked polymers comprise about one-third by volume of macromolecular 
materials currently produced. The variety of types and applications of crosslinking 
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indicates the important impact of this structural modification on the properties of 
macromolecular systems [12]. 
2.2 Polyethylene 
Polyethylene is one of the most important polyolefin thermoplastics in the world. In 
the years following the Second World War the variety of products that were made 
from polyethylene expanded considerably from small moulded parts and extruded 
cable and wire insulations through to the development of packaging, and it is now 
used widely as a raw material for the extrusion of water piping. In terms of 
commercial production and technological applications it is of great importance. 
Polyethylene has the simplest basic structure of any polymer. 
Commercially polyethylene is produced from ethylene monomers. The polymer was 
produced by this route in March 1933 and reported verbally by Fawcett in 1935. The 
basic patent relating to the polymerisation of ethylene was applied for by ICI on 4th 
Feb 1936 and accepted on 6th September 1937 [13]. Polyethylene has many attractive 
features such as: low price, excellent electrical insulation properties over a frequency 
range, good chemical resistance, good processibility, toughness, and flexibility [13]. 
There are five distinct routes to the preparation of high polymers of ethylene [13,14]; 
The high pressure process involves producing low density polymers at high pressures 
(lOOO-3000atrn) and temperature (80-300°C) in the presence of free radical initiators 
such as azodi-isobutyronitrile, benzoyl peroxide or oxygen in a tubular reactor. 
Ziegler processes involve polymerizing ethylene to manufacture high density 
polyethylene (HDPE) and linear low density polyethylene (LLDPE) using a catalyst 
prepared from titanium tetrachloride and triethyl aluminium under low pressure (- I 
atrn) and temperatures around 70°C, in a reaction vessel. The Phillips process is 
involved in polymerisation using various supported transition metal oxide catalyst 
such as chromium oxide at temperatures about 130°C-160°C and pressure of 1.4-
3.5mpa. The process involves dissolving the ethylene in hot solvent such as 
cyclohexane resulting in production of high density polymer. The standard oil 
(Indiana) process is based on the catalysis of ethylene to HDPE using a supported 
molybdenum oxide catalyst with sodium and calcium promoters under temperature 
conditions of 230-270°C and pressure of 40-80atm. Last of all the metallocene 
process, this is metallocene polymerization producing low density polyethylene 
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(LDPE) and LLDPE catalysed by transition metal compounds, such as zirconium or 
titanium (positively charged metal ion) incorporated between two negatively charged 
cyclopentadienyl anions. 
Some of the main usages of poly ethylene in Western Europe are those such as; film 
and sheet, extrusion coating, injection moulding, blow moulding, pipes, wire and 
cable [13]. 
2.2.1 Structure of polyethylene 
Polyethylene consists of long chain aliphatic hydrocarbons; these are also known as 
the "polymer backbone". The polymer backbone is a homopolymer (each carbon atom 
is covalently linked with two hydrogen atoms and each carbon is bonded to another 
carbon). Pure polyethylene polymer is obtained from ethylene radical polymerisation, 
and consists of alkanes with the formula C2nH4n+2 were n is the degree of 
polymerisation, i.e., the number of ethylene monomers polymerised to form the chain 
[14]. 
tCHrCHd 
Figure 2.2 Structure of polyethylene 
In the molten state (above the crystalline melting point) polyethylene chains interact 
with adjacent molecules, the random coils of adjacent molecules overlap, and the 
chains start to entangle. This can be seen in figure 2.3 [14]. However, the carbon-
carbon bonds preserve a distance of 0.25nm with a bond angle of 109.50 that rotate 
freely and flexibly maintaining the C-C bond length ofO.154nm. The carbons rotate 
freely about the carbon bonds that are successively arranged along the polyethylene 
backbone as seen in figure 2.4 [15]. 
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Figure 2.3 The random coil ofthe polymer in its molten state. 
O.25nm 109.50 c 
Figure 2.4 Measurement of chain repeat distance for polyethylene [16] 
Polyethylene in its molten state can be cooled and solidified below its crystalline 
melting point. Some of the chains are organised into small crystals known as 
crystallites that make up the crystalline phase. There are also regions in which chains 
are not organised these surround the crystallites (known as the amorphous, non-
crystalline phase). Therefore the polyethylene has a semi crystalline structure [14]. 
The crystalline phase is formed from unit cells, this is the smallest unit which is 
repeated in 3-dimensions to build up a complete crystal structure [14,16]. The 
polyethylene backbones take up the configuration of a "planar zigzag" and are packed 
tightly in an orthombic unit cell with sides represented by a, b and c, as shown in 
figure 2.5 (a and b) below [14,15], 
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Figure 2.5 (a) Crystalline structure of polyethylene (b) Polyethylene orthombic 
crystal [14,15] 
It has been shown that chains fold to produce lamellar structures typically from 100-
200 A (1O-20run) thick. SpheruIites are aggregates of smaller crystalline units with a 
characteristic size of 50-500J.lm. The spherulitic structure consists of lamella fibrils 
which are extended radially outwards from the central nucleus they have a thickness 
of few micron in width with a flat ribbon-like structure. Fibrillar development is a 
fundamental development in spheruIitic growth [15,17]. Orientation of the chain 
molecules in the spheruIites shows perhaps somewhat surprisingly that the long axes 
of the chains are oriented at right angles to the radii. In other words, across the 
radiating fibrils [17]. Figure 2.6 shows the general structure and hierarchical 
arrangement of a semi crystalline polyethylene material. 
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Figure 2.6 Schematic representation of the general molecular structure and 
arrangement of a semi crystalline polyethylene material [15) 
2.2.2 Properties of Polyethylene 
In polyethylene the flexible C-C bonds result in low values for the glass transition 
temperature (Tg). The Tg is mainly concerned with the segmental motion of the long 
polymer chains in the amorphous phase of a polymer, it imparts flexibility depending 
on the type and structure of the polymer, however it is not as important as Tm. After 
considerable argument as to the position of Tg Kambour and Robertson concluded 
that -200 C was the most likely value for Tg for polyethylene [13]. 
For commercial polymers the crystalline melting point (Tm) is more important and is 
usually in the range of 108-132oC, the exact value dependent on the molecular 
structure. Polyethylene has no strong intermolecular forces since the backbone is 
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flexible and hence most of the strength is due to the fact that crystallisation allows 
close molecular packing [13]. 
Polyethylenes are available across a broad range of densities, all having the same 
backbone of covalently linked carbon atoms attached to hydrogen atoms. The 
different grades of poly ethylene vary in properties due to the variation in the degree of 
short and long chain branching in the polymer, variation in the average molecular 
weight and molecular weight distribution, and the presence of comonomers and 
impurities [13]. 
Polyethylene varies from 0.88g/cc to 0.96g/cc and are known as Very Low Density 
Polyethylene (VLDPE) Medium Density Polyethylene (MDPE), Very High Density 
Polyethylene (VHDPE) and High Density Polyethylene (HDPE) [18]. 
The three most common commercially available grades of polyethylene are HDPE, 
LDPE and LLDPE [19]. 
2.2.2.1 Low Density Polyethylene 
Commercial LDPE was the only polyethylene produced until the mid 1950's at high 
temperatures and pressures with densities in the range of approximately 0.90 to 
0.94g/cm3• Polymerisation of LDPE gives rise to a substantial concentration of 
branches, these are long and short chain branches generated through two mechanisms. 
Short chain branching occurs by intramolecular transfer reactions, primarily 
consisting in the formation of approximately 20-30 branches per 1000 carbon atoms, 
the branches being mainly ethyl and butyl groups. Long chain branches are formed by 
intermolecular chain transfer reactions and occur randomly along the length of the 
main chain, the long chain branches can themselves form branches and on average 
there is I long branch for every 50 short chain branches. The short chain branching 
hinders the crystallisation process resulting in Iow densities. Branching of LDPE can 
be investigated using infrared spectroscopy [13,14]. 
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Figure 2.7 Schematic representation ofLDPE [14] 
2.2.2.2 High Density Polyethylene 
Around 1954 two lower temperature and pressure polymerisation routes were 
developed, which were known as the PhiIlips and Ziegler processes [13]. The 
processes produced structures that contained no branching, in which ethylene 
monomers were polymerised attaching one molecule to another forming linear chains 
of different lengths. Some polyethylene polymers form very low levels of branching 
with 4 to 10 short side chains per 1000 carbon atoms. The low levels of branching 
result in low levels of defects and hence a high degree of crystallinity is achieved. 
HDPE has densities falling in the range of approximately 0.94-0.97g1cm3, due to the 
very low level of branching HDPE can be referred to as linear polyethylene [14,15]. 
Figure 2.8 Schematic representation of HDPE [14] 
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2.2.2.3 Linear Low Density Polyethylene 
There is also LLDPE which has between 10-35 short chains every 1000 carbon atoms 
and has properties intermediate between Iow and high pressure materials. These 
polymers cover the same density range as LDPE, but the polymer chains do not 
exhibit any long chain branching. However, they do contain some short side chains 
such as alkyl groups (ethyl, butyl, hexyl). The materials are produced by 
copolymerisation of ethylene with I -alkenes. The groups are attached at random 
intervals along the polyethylene backbone, and result in Iow densities as the branches 
interfere with the ability of the crystallisation of the polymer [13-15]. When polymer 
chains are branched this can influence the crystallinity, properties and structure of the 
polymeric material. 
Figure 2.9 Schematic representation of LLD PE (14) 
Long chain branching can also have an effect on the flow properties; unbranched 
polymers have higher melt viscosities than long branched polymers of the same 
molecular weight. It has been found [13] that comparing two polymers of the same 
weight average molecular weight (4.2xI05), the branched polymers (density = 
0.92g1cm3) had only 1150 of the viscosity of the more or less unbranched polymer 
(density = 0.96g1cm3). This is because the branched molecules would be compact and 
expected to entangle less with other molecules. 
By the mid 1990's capacity for polyethylene production was about 50,000,000 tons 
per annum much greater than for any other type of plastics material. Of this capacity 
about 40% was HDPE, 36% LDPE and about 24% LLDPE [13]. 
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2.2.2.4 Crosslinked polyethylene 
As explained earlier, when polymers crosslink, adjacent chains are covalently linked. 
For polyethylene the crosslinking may include the direct bonding of carbon-carbon or 
by bridging species such as siloxanes. The crosslinks may occur randomly along the 
polyethylene chains, with one crosslink per several thousand carbon atoms forming a 
gel like network. Crosslinks can delay crystaIlisation. This limits the chains that are 
required to organize into crystallites from moving freely, and so there is lower 
crystallinity. However, this does not apply to polymers that cross link in the 
amorphous regions of the polymer or when polymers crosslink via a bridging species 
[14]. 
Figure 2.10 Schematic representation of crosslinked polyethylene [14) 
2.3 Diffusion into polymers 
Small molecules such as gases, solvents and vapours can diffuse into, out of and 
through plastics materials. Diffusion occurs to equal out the concentration of a given 
species or particle (a molecule) in a given environment and is responsible for the 
movement of matter from one part of a system to another [20]. These molecules can 
move along a concentration gradient, where the migration depends on the size of the 
migrating molecule and the properties of the material. Small molecules can diffuse 
through a plastic material by passing between the molecular chains; therefore the rate 
of diffusion depends on the temperature, pressure difference, size of the small 
molecules and the size of the gaps between molecular chains [\3]. A highly 
amorphous material with low dense packing of atoms allows the movement of 
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molecules easily into and through the material and so the material has high 
permeability, whereas crystalline phases are impermeable. 
The movement of a gas through a plastic material under a pressure difference is 
illustrated in the diagram below (Figure 2.11): 
Gas at pressure PI 
Gas dissolves at surface 
ofthe material. 
PLASTIC MATERIAL 
Molecules diffuse down the 
concentration gradient 
Cl 
I 
Figure 2.11 Movement of gas through a material 
Gas at pressure P 2 
Gas evaporates 
The diagram shows that a gas at pressure PI can diffuse through the plastic material 
along a concentration gradient from concentrations Cl to C2 and a thickness I , leaving 
the surface of the material at a lower pressure P2 because gas has evaporated during 
the diffusion. The· difference in concentration of the diffusing material across the 
de 
material dx is expressed as Ficks 1 SI law of diffusion and is presented as the 
following equation: 
de Q=-D-
dx 
(2.6) 
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(2.7) 
Where Q is the flow of gas through a material and D is the diffusion coefficient of the 
material [13,15,21 ,22]. 
Since concentration to pressure ratio is the same at both interfaces, the following 
equation relates pressure and concentration and is referred to as the solubility 
coefficient S. 
Therefore replacing concentrations with pressure can be expressed as follows; 
Q = -DS(P, -P,) 
I 
(2.8) 
(2.9) 
The area of diffusion (A) and the time taken for diffusion (t) are also important factors 
to be considered; therefore the flow of gas is expressed as; 
Q= -DSAt(Pz -~) 
I 
Q= DSAt(~ -P2) 
I 
(2.10) 
(2.11) 
Since permeability of a material is related to both the solubility and diffusion of the 
material, therefore P = DS were P is referred to as the permeability coefficient, 
hence 
(2.12) 
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Often P,» P" therefore the flow of gas through a material is often given as 
Q = PAtP 1 
I (2.13) 
A detailed study [23] has been carried out to investigate the diffusion of water into 
epoxy resin. In the study numerous techniques have been used to analyse the diffusion 
process in which small molecules such as water are taken up or penneated through the 
polymeric material. The study showed that many spectroscopic techniques were used 
to characterise the bound water molecules. Techniques such as light scattering, NMR, 
FTIR, Raman have all been used extensively, indicating FTIR to be the most 
commonly used. Another study [24] also showed FTIR spectroscopy to be the most 
useful technique, highlighting the changes in peaks that distinguish between bound 
and free water, a detailed analysis using ATR-FTIR was undertaken to investigate the 
water diffusion behaviour and showed that the mode of water vibrations (O-H) mainly 
appear in 3200-3800cm-1 and 1640cm·1 regions of the spectra, this indicated the 
hydrogen bonding of water-water and/or water-polymer. Al-Shamrani [25] studied the 
crosslinking behaviour of VTMOS grafted HDPE. This involved measuring the rate 
of water diffusion through si lane grafted polyethylene at a range of temperatures. 
From the study it was concluded that the rate of water uptake to crosslink silane 
grafted polyethylene material increases with an increase in temperature, therefore 
emphasising that crosslinking temperature also has a considerable effect on diffusion. 
2.4 Additives in polymers 
Polymers in commercial use usually contain additives. Nowadays car components, 
packaging materials, household appliances, electronic and telecommunication and the 
like may also contain some additives [26]. The purpose is designed to enhance or 
upgrade the perfonnance or capabilities of the polymers and to achieve the optimal 
properties for specific applications [10]. Table 2.1 shows a list of the commercially 
important additives and their functions 
19 
CHAPTER TWO LITERATURE REVIEW 
Table 2.1 Polymer additives and their functions [10,13,26) 
Additive type Function 
Fillers Increase strength properties 
Plasticisers and softeners Reduce melt viscosity and increase 
Flexibility 
Lubricants and flow promoters Prevent sticking to processing 
Machinery 
Flame retarders Reduce flammability and combusion 
Colorants (dyes and pigments) Impart colour 
Blowing agents Manufacture stable foams 
Carbon Black Provides colour, opacity, protection 
from ultraviolet light, electrical 
properties, thermal conductivity 
Crosslinking agents (coupling Crosslink polymers 
agents) 
Antioxidants Prevent oxidative degradation 
Fillers are incorporated into polymers to modify physical and mechanical properties of 
the material [13]. Plasticizers and softeners are used to lower the melt viscosity, making 
them soft and flexible and improve the processibility of the material [27]. Lubricants 
can be of various types and have various functions. The main functions are to reduce 
friction of mouldings and finished products when they are rubbed against adjacent 
materials. During processing they help prevent plastic composition from sticking to the 
machinery, and also it promotes flow of polymer in the melt [13]. The purpose of flame 
retarders are designed for plastics materials to burn without difficulty. Colorants are 
basically used for colouring polymers (e.g. painting and surface dyeing) [13]. The main 
purpose of blowing agents is to generate gas, which will have the effect of expanding or 
foaming the polymer. Carbon black is among the most versatile additive and is used to 
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provide colour, opacity, protection from ultraviolet light, electrical properties, thennal 
conductivity and even reinforcement [26]. Coupling agents also known as crosslinking 
agents are mainly used to fonn a bond between two non bonding and incompatible 
surfaces such as bridging two polymer molecules. This gives the material greater 
strength and longer service life. Organofunctional silanes are the best known coupling 
agents that contain two types of reactivity, inorganic and organic in the same molecule 
[28]. They have the basic chemical structure Y-(CH2)n-SiX3 (n=I,2 or 3) where the 
silicone group of the si lane is attached to two groups. One of the groups, the 
organofunctional group Y is the unreactive carbon that fonns chemical or hydrogen 
bonds to the organic substrate and must be reactive towards the functional groups of the 
polymer. The silicofunctional group X is directly attached to the silicon and are usually 
the hydrolysable alkoxy groups either methoxy, ethoxy or acetoxy [29]. After they are 
hydrolysed to fonn silanol groups they react with an inorganic substrate (such as OH 
groups) and following condensation fonn stable siloxane (Si-O-Si) crosslinks 
[13,28,30-33]. 
Polymers can undergo oxidative degradation; this is enhanced during high-temperature, 
high-shear processes (e.g. extrusion, injection moulding, internal mixing, milling) of 
the polymer. It can occur during various stages of polymer manufacturing. It involves a 
high rate of radical fonnation of the polymer backbone by mechanical scission, and can 
be initiated by the action of heat, light, metal ions and sometimes ozone [7,13,26]. The 
polymer degradation during the processing proceeds through an autoxidation free 
radical chain cycle [26]. Antioxidants are proposed to interfere with the oxidative cycle 
to inhibit or retard the oxidative degradation of polymer and so prevent thennal 
oxidation of the polymer [13,26,28,34]. Antioxidants can be divided into two groups, 
chain-breaking or primary antioxidants; these are sterically hindered phenols and 
usually donate electrons and hydrogen atoms. Preventive or secondary antioxidants 
which are hydroperoxide decomposers, and usually phosphorous compounds such as 
phosphite [7,13,35,36]. 
Figure 2.12 shows the main reactions that occur during the polymer degradation 
process. 
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Fignre 2.12 Polymer degradation processes [7,28) 
Primary antioxidants 
(H-DONOR) 
At first hydrocarbon molecules break: down to form free radicals, this can be initiated 
by heat [13]. 
R-R ----_~2R (2.14) 
These radicals can combine with oxygen to form peroxy radicals 
(2.15) 
The radicals will react with a hydrocarbon by the following propagation reaction 
R02 + RH ----+~ ROOH + R (2.16) 
decompose to form further radicals 
ROOH ------_~ RO + OH (2.17) 
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2ROOH -------•• RO + R02 + H20 (2.18) 
Or it may react as follows 
ROOH + RH -----_. RO + R + H20 (2.19) 
The chain reactions may also terminate. This is achieved when the radicals react with 
each other to form a stable product. It is possible that the peroxide radicals R02' and 
RO' can decompose so therefore antioxidants can be used to interrupt the above 
reaction sequence. The chain breaking (primary) antioxidants (H-donors) interrupt the 
propagation cycle by donating hydrogen atoms that react with the peroxy radicals, 
R02' to form hydroperoxides. This prevents the peroxy radicals abstracting hydrogen 
from the polymer backbone. This can be seen clearly in Figure 2.12 which shows the 
importance of the H-donors. The preventive (secondary) antioxidants decompose the 
hydroperoxides to inactive products. In this case the phosphite reacts with the 
hydroperoxide by the following reaction [36]. The importance of secondary 
antioxidants can also be seen in figure 2.12. 
(RO)3-P + ROOH -----. (RO)3-P = 0 + ROH (2.20) 
2.5 Methods of crosslinking 
In the middle to late 1950's, crosslinkable polyethylene compounds were introduced, 
initially by Gilbert and Precopio [37]. This invention was of great importance because 
crossIinked polyethylene was used for distribution and transmission cables that can 
withstand high power transmissions. Work continued into the 1960's when 
crosslinked polyethylene wire and cable products became commercially available. It 
was not until the late sixties, when silane crosslinked polyethylene was largely used in 
the production of power cables, where their use enabled larger currents to be used 
without thermal breakdown or softening of insulation [38]. Today chemically 
crosslinked polyethylene is being used in cables of up to 500kV, including in non-
electrical applications. Later by the mid 1970's when different techniques were 
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developed and new equipment became available the pipe industry also became 
interested in silane crosslinked products. Initially, this was achieved by penetration 
into the market for copper and mild steel replacement in domestic hot water systems. 
Then later, in the nineties it was exploited that silane grafted HDPE pipes can be 
welded together and inserted into metal pipe systems, once in place, the si lane grafted 
pipe can be expanded with hot water under pressure to form crosslinks [38]. 
Polyethylene is semi crystalline in its solid state. The regions containing the polymer 
crystallites are embedded in the amorphous regions. When polyethylene is crosslinked 
in the melt this interferes with the packing of the molecules, and may reduce the level 
of crystallisation. The crosslinking process forms chemical covalent bonds linking the 
different regions together, forming a three dimensional network with a high molecular 
weight which improves properties such as heat distortion, environmental stress crack 
resistance, impact and tensile strength, and produces a decrease in shrinkage and great 
improvements in high temperature properties. However the contrary applies when a 
solid polymer is crosslinked, such as silane crosslinked polyethylene. In this case 
water is diffused into the polymer matrix and reacts with the hydrolysable 
alkoxysilane groups on the existing silane grafts that have formed in the amorphous 
regions of the polymer during the grafting process. 
In hot water pipe applications materials stiffer than LDPE (which is suitable for cable 
applications), such as HDPE can be used and a great number of properties such as 
thermal dimensional stability, low temp impact strength, chemical resistant to 
solvents, environmental stress crack resistance, creep resistance, ageing resistance, 
permanent deformation, stress cracking can be enhanced through crosslinking [39,40]. 
Crosslinking of polyethylene by means of organosilanes is well known to improve 
material properties [41,42]. 
There are three main approaches used for the crosslinking of polyethylene that are of 
commercial interest [43]. 
(1) The first commercial crosslinked products were produced by radiation in the mid 
1950's 
(2) Peroxide crosslinking process was invented a few years later. 
(3) Silane crosslinking was introduced in the late 1960's. 
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The latter technique was developed as the Sioplas process. The usual crosslinking was 
through radiation or chemical reagents such as peroxides, however the crosslinking by 
organofunctional silanes [44] increased after the Sioplas [45] and the Monosil [45] 
processes were developed. Since the 1970's silane crosslinking of polyethylene has 
been used successfully and has a number of advantages compared to the peroxide or 
radiation crosslinking [46]. This is mainly based on the preparation of silane grafted 
polymer which has gained great attention in recent years because of the various 
advantages such as easy processing, low cost and capital investment and also the 
properties are favourable when the materials are processed. The process uses 
peroxides and the most common silane used in the manufacture of silane crosslinkable 
polyethylene is vinyltrimethoxysilane [40,47,48]. More recently copolymers of 
ethylene with vinylsilanes have been produced directly [46]. 
There have been many studies reporting the effect of processing parameters on 
vinylsilane grafting [49]. 
2.5.1 Peroxide initiated crosslinking 
Peroxides are organic molecules which are the most important radical generators. 
They are a group of compounds that are unstable containing at least one -0-0- group 
[18]. They decompose homolytically under the influence of heat and generate a pair 
of oxy radicals. The oxy radicals are then used to abstract hydrogen atoms from 
polyethylene molecules to produce alkyl radicals [14,50]. 
In the case of poly ethylene the reaction that is most likely to occur is that two radicals 
will join and fonn crosslinks between the two chains, however other reactions may 
occur and lead to chain scission. Dicumyl peroxide is frequently used for low density 
polyethylene. Studies [51] have been carried out to investigate the effects of the 
molecular structure on the dicumyl peroxide crosslinking of LDPE, but more stable 
peroxides are necessary for higher density materials [13]. Research has also been 
done on the effect of initiator concentrations on the molecular properties [52]. 
Commercial samples (HDPE, LDPE and LLDPE) were modified by injecting low 
concentrations of free radical initiator during extrusion. The molecular properties of 
the polymers were monitored, including molecular weight distribution, degree of 
unsaturation and branching. 
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The overall peroxide crosslinking is a "two step" process that involves: 
• A suitable peroxide forming a crosslinkable polymer during the processing 
• Heat treating the finished article to obtain the crosslinked polymer, this is 
normally made directly after the extrusion step [7]. 
RO* 
R-O-O-R 
Peroxide 
~ 
----..... 2RO* 
peroxide radical 
vwwCH2--CHz--CH2 vvvw --~ .. ~ wvvv CHz- ·CH--CH2 wvw + ROH 
polyethylene backbone alkyl radical 
1 
wvw CHz-CH --CH2 vvvw 
I 
WVW CH2--CH CH2 wvw 
crosslinking of two polyethylene backbones 
Figure 2.13 Peroxide crosslinking reactions [14,43,48) 
Peroxides mainly used for crosslinking are those that generate radicals that are 
capable of abstracting hydrogen atoms from the polymer. The radicals are either 
produced during the reaction or maybe derived directly from the peroxide. 
Peroxide crosslinkable polyethylene can be used for processing techniques such as 
injection and rotational moulding as well as those techniques used in the cable and 
pipe area [7]. 
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2.5.2 Radiation crosslinking 
In 1948 Dole treated LDPE with high energy radiation; the chemical structure and 
properties of the product differed from the starting material [53]. The effect of 
ionising radiation on polymers is known to be one of the major sources for altering 
their internal structures and leading to a wide range of changes in their properties 
[54]. The changes that occurred when polyethylene was exposed to high energy 
radiation include main chain scission, crosslinking with the formation of covalently 
bonded carbon-carbon bonds, linking the backbone of adjacent chains, evolution of 
hydrogen and the increase or decrease of un saturation [14,55]. 
Many studies that have been carried out by researchers on the effect of irradiation 
temperature on crosslinking of both HDPE and LDPE show that the crosslinking 
efficiency increases significantly with increasing irradiation dose and at elevated 
irradiation temperature [55]. Crosslinking via irradiation involves bombarding the 
polyethylene with high energy electrons «(1-radiation) that are produced in large 
accelerators and are used commercially, or by nuclear radiation from the 60Co isotope 
(r-radiation) which is a nuclear process and is commonly used for laboratory 
experiments [43]. One of the effects is to split carbon hydrogen bonds, this usually 
occurs in solid specimens in their semicrystalline or molten state. However, in the 
case ofHDPE, crosslinking occurs usually in the semicrystalline state this is done by 
passing the finished product through a large irradiation unit, one or more times to 
achieve the desired level of cure [1,14,45]. 
Radiation induced crosslinking reactions in semicrystalline polymers have been of 
much theoretical and practical interest in the past. While it has been long recognized 
that cross linking via irradiation is generated in the disordered amorphous and the 
interfacial regions (region between the crystalline and the amorphous region), this is 
especially true for polyethylene and has well been documented in the literature 
[56,57]. 
When the carbon hydrogen bonds are split this liberates hydrogen atoms, leaving 
behind reactive macroradicals that are then crosslinked. 
hv 
(2.21) 
This hydrogen then reacts with another hydrogen atom to yield a hydrogen molecule. 
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(2.22) 
• = macroradicals 
This then diffuses from the polyethylene surface, or reacts with a macroradical to 
reform a carbon hydrogen bond. Overall two chain radicals are formed for each 
molecule of hydrogen evolved [14,45,58]. If a carbon hydrogen bond is split, and the 
liberated hydrogen molecule diffuses from the surface, the radical on the polymer 
backbone can migrate throughout the polymer and is free to react with other radical 
species [14,58]. Two migrating radical sites may interact with each other to form a 
trans-vinylene group and a saturated polymer chain [33]. 
+ (2.23) 
Crosslinks are more likely to be formed by the interaction of a migrating chain radical 
site with a double bond, 
-CH2-*CH-CH2-CH2-
+ 
rather than direct radical-radical interaction on adjacent chains. 
-CH2-*CH-CHz-CH2-
+ 
(2.24) 
(2.25) 
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Radiation crosslinking of polyethylene has been utilized for the commercial 
production of films [54]. The network fonned can have irregular dangling chains that 
arise from chain scissions occurring in the course of cross linking [58,59]. 
In radiation crosslinking, the advantages outweigh the disadvantages. The advantages 
are such that high output extrusion can be used as there is no risk of precuring, 
however the drawbacks are that high voltages are needed for cross linking thick 
sections and circular objects have to be rotated, or several beams have to be used for 
irradiation to be evenly distributed throughout the specimen [43]. 
Later in the 1950s Oster and his co-workers discovered that polyethylene could be 
crosslinked by exposure to ultraviolet radiation slowly in the wavelength range of 
200-300nm [60]. The reaction can be used to incorporate functional groups onto the 
polyethylene backbone [14,60]. Ultraviolet light quanta are sufficiently energetic to 
abstract hydrogen atoms and it was found [60,61] that ultraviolet radiation is capable 
of effecting crosslinking and grafting of solid high polymers [62].' Research also 
shows that ultraviolet radiation during crosslinking decreases the stability of the 
material considerably, therefore antioxidants and stabilizers were added before 
crosslinking and hence resulted in the improvements in the stability of the crossIinked 
material [63]. 
There are many advantages for the ultraviolet method over that of the ionisation 
method, i.e. using ordinary precautions ultraviolet light is harmless to humans, but 
however ionising radiation of the dosage in use for the treatment of plastics is very 
hazardous. The ultraviolet method can also treat large areas, whereas ionising 
radiation has a harmful effect on many high polymers. Also the ultraviolet method 
results in an overwhelming crossIinking reaction, whereas the ionising radiation 
causes degradation. Both the ionisation method and the ultraviolet method suffer from 
their inability to treat thick samples [62]. 
2.5.3 Silane moisture cross linking 
Midland Silicones (Dow Coming) patented [64,65] the invention which is known 
commercially as the Sioplas [66,67] process. It was the first company which 
developed a technological process for the grafting of LDPE and HDPE with si lane 
and then moisture crosslinking the grafted polyethylene [50]. The Sioplas technology 
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[66,67] involves the post reactor modification of polyolefins as in the irradiation and 
peroxide process however in this case the crosslinkages are siloxane (Si-O-Si) bonds 
instead of C-C bonds. This process is one in which two steps are carried out to 
produce the final crosslinked product. The first step is the grafting of polyfunctional 
organosilanes, the organosilanes contain unsaturated vinyl groups that attach onto the 
polyethylene backbone with the aid of an initiator, and the second is the crosslinking 
of the grafted material by exposure to trace amounts of water at elevated temperatures 
in a hot water bath or low pressure steam autoclave, this causes hydrolysis followed 
by condensation of the alkoxy groups to form siloxane crosslinks. The crosslinking 
reaction is normally accelerated by the incorporation of a catalyst (the process is 
explained in more detail later). 
In 1974, B.LC.C. and Maillefer companies patented the "MONOSIL" process [50,68]. 
The Monosil process is a one step process that performs both the grafting step and the 
shaping step in the same extruder where the polyolefin (polyethylene), si lane, 
peroxide and the crosslinking catalyst are added directly in a specially made -30 D 
long extruder, and the extruded product begins to crosslink immediately. Both of the 
methods can offer a variety of techniques sharing the same chemistry however vary in 
processing procedures to produce the final product that is usually a cable or a pipe 
[43,69]. Figure 2.14 (a) and (b) illustrates pictures of the Monosil and Sioplas process 
[7,50,70] that can be used for silane crosslinking of poly ethylene. 
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Figure 2.14 (a and b) Silane grafting processes for crosslinkcd polyolcfins [28] 
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2.5.3.1 Reaction stages in SIOPLAS process 
The two stages involved in the Sioplas process are as follows [43,48]; 
a) Grafting stage 
Stage 1 
In the first stage of the grafting process [71] the peroxide initiator thennally 
decomposes to free radicals, as shown in figure 2.15. Only organic peroxides which 
may easily abstract hydrogen atoms can be used as efficient grafting initiators. 
ROOR ----.,.~ 2RO* 
Figure 2.15 Thermal decomposition of peroxide initiator 
Stage 2 
The free radicals generated abstract hydrogen atoms from the polyethylene chains 
fonning free radicals on the polymer backbone. This is done randomly along the 
polymer. This can be seen in figure 2.16. 
Figure 2.16 Abstraction of hydrogen from the polyethylene backbone 
Stage 3 
The free radical sites on the polyethylene react with the unsaturated bonds of the 
VTMOS grafting agent, at random locations (at the free radicals sites) to produce 
silane grafted polyethylene. This can be seen in figure 2. 17. 
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CH *C,H /CH2 /V~'-wwv vww + 
Figure 2.17 Addition ofVTMOS OlltO the polyethylene backbone 
Once all the VTMOS has reacted onto the polyethylene the grafted polymer that has 
formed is crosslinkable. The radicals formed on the silane can abstract hydrogen 
atoms from other polyethylene chains, generating radicals on the new polyethylene 
chain (intermolecular-H-abstraction), in this case the polyethylene macroradical has 
formed single silane grafts (as shown in Fig 2. 18(a». The grafted polymer can also be 
irreversible for example the silane can abstract a hydrogen from the polymer 
backbone that it has been grafted to (intramolecular abstraction) (Figure 2.18(b» and 
also the free radical generated on the silane can attach another silane monomer 
forming oligomeric grafting [72]. This is shown in figure 2.18(c) 
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Stage 4 
The final stage ofthe grafting process forms crosslinkable graft copolymer. 
+ 
CH2- ·CH- Si (OCH3h 
I 
CH Cl-! /CH2 /' V "-./ ' wvw wvw 
CHz-CH2-Si (OCH3h 
I CH ·CH CH2 
CH Cl-! /CH2 + /' V '-./ 'wvw /' V "-./, wvw 
wvw wvw 
Figure 2.18(a) Formation of graft copolymer (intermolecular-H-abstraction) 
OR 
CH:z--·CH- Si (OCH 3h 
I 
CH CH, /CH 2 /' V "-./ , 
vvvvv vvvvv 
CHz-CHz-Si(OCH3h 
I .CH /,CHVCH~ 'wvvv 
wvvv 
Figure 2.18(b) Formation of graft copolymer (intramolecular-H-abstraction) 
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OR 
r~CI-L-Si (OCH:Jh 
C~CH-Si(OCH3)3 
I 
CH Cl-! ./CH2 /V,,--/' VVVVV VVVVV 
Figure 2.18(c) Formation of graft copolymer (oligomeric VTMOS grafting) 
All these reactions are carried out in the melt along the extruder producing grafted 
materials that are finally chopped into small pellets. Other reactions such as chain 
scission, direct c-c crosslinking of the polyethylene and the formation of by-products 
such as homopolymers, dimers, trimers can also form during the processing. 
Termination of the graft copolymer is also brought about at different stages during the 
grafting process, such as when a radical site is quenched by either a radical from 
another polyethylene chain, the same polyethylene backbone or other VTMOS 
molecules. This quenching radical can form another growing chain and hence the 
reactions continue. 
The second step of the process is the crosslinking of the graft copolymer in the 
presence of moisture. Crosslinking takes place separately from the grafting process, 
and is carried out on the shaped finished article. If moisture is absent the graft 
copolymer are still thermoplastic and can be processed in the same way as linear 
polymers. 
b) Crosslinking stage 
The crosslinkable graft copolymer is mixed with 5% of polyethylene catalyst 
masterbatch. This is composed of di-n-octyltindilaurate (DBTDL) tin catalyst (that 
acts as a silanol condensation catalyst) and antioxidants. Condensation of the silane 
grafted polyethylene occurs after the alkoxysilane (methoxysilane Si-OCH3) groups 
have hydrolysed to generate silanols. Hydrolysis of an alkoxysilane group is shown in 
figure 2.19. 
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Figure 2.19 Hydrolysis of an alkoxysilane group 
From this, two reactions can occur in order to form crosslinking (shown in figure 
2.20). Crosslinking can also occur in the presence of hot water in an autoclave with or 
without a tin catalyst. During the crosslinking process further methoxy groups 
hydrolyse and then condense to form siloxane (Si-O-Si) linkages. The crosslinking 
produces a three dimensional network structure that is linked by Si-O-Si bonds. 
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Figure 2.20 Crosslinking steps 
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It has also been found [71,73] in the literature that oxidative degradation can occur, 
which is the formation of crosslinked structure generated from the oxidation between 
VTMOS grafted polyethylene without the presence of water and catalyst at 
sufficiently high temperatures. This can be seen in figure 2.21. 
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Figure 2.21 Mechanism showing oxidation degradation of polyethylene [73) 
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2.5.3.2 Compounding in SIOPLAS process 
As explained before the two step extrusion process is known commercially as 
SIOPLAS extrusion process [66,67]. This is a two component system that separates 
the grafting step that produces the grafted polymer in a compounding extruder from 
the shaping step. It also eliminates rapid crosslinking of the grafted component by 
trace amounts of moisture in the presence of the catalyst [50]. Figure 2.22 shows a 
diagram of a typical compounding extruder used for the Sioplas extrusion process 
[48] and Figure 2.23 shows a flow diagram of the basic two step Sioplas extrusion 
process [50). 
A mixer 
,j\L 
5 trand die air knife C=F=~========~~~./\.,~.,~,~,_,~,~.~"r:,~/~,r',~,.~,,~~~'-:-l 
I' I ""',. 
compounding 
extruder 
pell et ise~ granul e 
cooler 
Figure 2.22 Compounding extruder used for SiopJas extrusion process [48] 
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KEY: SI =silane PE = polyethylene GI = grafting initiator (peroxide) 
XLC = cross-linking catalyst AX. = antioxidant 
PE SI GI PE XLC AX. 
1 1 1 1 1 1 
TUMBLE MIXER TUMBLE MIXER 
1 1 
GRAFTING EXTRUDER I. GRAFTING EXTRUDER 
j j 
Crosslinkable SI-grafted-PE granules Catalyst masterbatch granules 
~ ~ 
TUMBLE MIXER 1 
SHAPING EXTRUDER 
Crosslinkable finished article --_~ moisture crosslinked 
Figure 2.23 Flow diagram of a basic two step Sioplas extrusion process [50). 
In the first step, the grafting stage, grafted polyethylene is made by passing a mixture 
(PE + SI + GI) through the grafting compounding extruder. The reaction mixture can 
be fed into the grafting extruder by several means under conditions that assure silane 
is grafting onto polyethylene, such as [7,50]: 
40 
CHAPTER TWO LITERATURE REVIEW 
• Tumble mixing-this is not a very efficient process so it requires high-shear 
compounding extruders or co-kneaders. 
• Discontinuous or continuous metering and mixing of ingredients into the extruder 
hopper provided with a stirrer. 
• Injecting the silane and peroxide solution directly into the base of the feeding 
hopper or in the extruder barrel into the melted polymer. 
The second component is the catalyst masterbatch. This is produced by normal 
mixing and compounding to disperse the crosslinking catalyst and antioxidant through 
the polyethylene, and is also passed through a grafting extruder. 
In the second step the si lane grafted polyethylene and the catalyst masterbatch are 
blended in a tumble mixer and then formed into the product by extrusion or moulding, 
this is then shaped into the finished article by passing through a die, e.g cable 
insulation or pipe [50]. The standard shaping extruders normally used for 
polyethylene are provided with screws with a length to diameter ratio (L:D) of at least 
20:1 and preferably 25:1, and a compression ratio of about 3:1. 
2.5.3.3 One step MONOSIL process 
As explained before the one step process that is known commercially as the Monosil 
process involves the grafting and shaping steps in the same extruder. All the 
components (PE + SI + GI + XLC) are loaded into an extruder in a single step (as can 
be seen in figure 2.14a). The mixture may be obtained using the same methods that 
are used in the two step extrusion processes. In the first part of the extruder the 
grafting reaction takes place and in the second part, kneading and extrusion of the 
silane grafted polyethylene melt are carried out. To obtain optimal grafting and 
mixing a high shear mixing extruder is usually employed. The extruder is provided 
with a long screw (L:D = 30:1-35:1) to develop high shear. Good temperature control 
and distributive mixing are required, if good mixing does not occur through the 
processing then gel is likely to be formed in discrete areas as 'nibs' in the product. 
The one step process in comparison to the two step process has a lower investment 
cost, and avoids moisture crosslinking because the grafted polyethylene is not stored 
before it is shaped into the finished article [7,50,70]. 
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2.6 Characterisation of polyolefins 
2.6.1 Studies on silane grafted polyolefins 
Many sophisticated techniques have been developed for characterising and 
quantifying the chemical nature of a material. Characterisation techniques can be used 
to measure thermal, mechanical, physical, chemical and structural properties. 
However in this section the main focus is based on research carried out on silane 
grafted polyethylene material analysed using characterisation techniques such as 
Fourier Transform infrared spectroscopy, differential scanning calorimetry, melt flow 
indexer, and solvent extraction. Gel permeation chromatography is also a well 
established characterisation technique for molecular weight analysis, however few 
studies on VTMOS grafted HDPE have been published. From previous research 
studies, it has been found that both qualitative and quantitative analysis have been 
carried out on silane grafted LDPE and other related polyolefins, however there is 
little evidence of studies performed on VTMOS grafted HDPE. 
2.6.1.1 Fourier Transform Infrared (FTIR) Spectroscopy 
FTIR spectroscopy is an approach that can give qualitative and quantitative data, and 
can be used to determine various molecular characteristics of polyethylene; additives 
and chemical groups attached to polyethylene backbone can be identified [14]. The 
main infrared absorbance bands for silane grafted polyethylene are referred to in table 
2.2. 
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Table 2.2 Peak position assignments [19,72,74-80) 
Wavenumber (cm- l ) Group Remark 
1192 Si-O-C O-CH3 rocking vibration 
1092 Si-O-C O-C stretching vibration of reacted or 
unreacted silane 
10091992 CH2=CH-Si Vinyl chain group 
108711020 Si-O-Si Si-O-Si vibration 
1130-1000 Si-O-Si Si-O-Si asymmetric stretching 
815 Si-CH Si-CH stretching 
771-795 Si-CH Si-CH rocking 
1367 C-CH2 Synrrnetric bending ofC-H bond 
1445-1465 C-CH2 CH2wagging (asynrrnetric bending vibration) 
710-730 C-CH2 CH2 rocking vibration 
2850 CH2 Synrrnetric C-H stretch 
2919 CH2 Asymmetric C-H stretch 
Studies [40] have shown that free radical silane grafting has a fundamental effect on 
the rate of formation and also to the final degree of crosslinking of the polyethylene 
network structure after moisture curing. The peroxide has a vital role in causing the 
change in the molecular structure during the silane grafting process, however, the type 
of polyethylene (LDPE, HDPE, LLD PE) also plays an important role in the silane 
crosslinking of the polyethylene. Wong and Varrall [40] used FTIR to measure the 
amount of vinyl silane (VTMOS) grafted onto polyethylene, using the absorption 
peak at 1090cm-1 which corresponds to the Si-O-C stretching vibration of the silane 
group. It was also observed that there was an insignificant amount of free vinyl silane 
(A single peak at -800cm-1 indicates that grafting has occurred however a doublet 
peak indicates that there is free silane present where the silane has not grafted [74]) 
which could be due to the evaporation during the processing. The results show that 
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LLDPE (A) and LDPE (B) have similar amounts of si lane grafting while HDPE (C) 
has much lower silane grafting efficiency, as shown in figure 2.24. 
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Figure 2.24 Si-O-C FfIR peaks of VTMOS grafted polyethylenes [40) 
Research [81) has been done on the reactions ofVTMOS grafting onto LDPE. Results 
show that the extent of silane grafting increases as the amount of silane, the reaction 
temperature and the reaction time increases. The FTlR spectra also provide evidence 
of the branched structure of LDPE showing peaks at 1378cm·1 due to -CH3 bending 
vibrations. In the silane grafting reactions the free radicals generated easily abstract 
hydrogens at tertiary and secondary carbons rather than hydrogens at primary carbons 
that are located at the ends of the backbone chain. 
The increase in grafting onto LDPE was confirmed when a study [30) was carried out 
on the effect of VTMOS from 0-5phr and constant (0.05phr) dicumyl peroxide on 
LDPE. The samples were processed on a single screw extruder at a screw speed of 
20rpm and a temperature range from 1700e to 210oe. From the FTlR spectra it can be 
seen that with no VTMOS present, there is no peak present at 1092 and 1192cm·1 that 
is assigned to the functional group Si-OCH3. After grafting with I, 3 and 5phr of 
VTMOS the grafting reactions have occurred and there is an increase in the extent of 
grafting with an increase in VTMOS concentration from 1-5phr. This variation can be 
seen in figure 2.25. 
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VVaven~ber(Cnfl) 
Figure 2.25 FTIR spectra ofLDPE samples that have reacted with (A) 0 phr, (B) 
1 phr, (C) 3 phr, (D) 5 phr ofVTMOS [30). 
Sen et al. [S) used infrared spectroscopy to characterise VTMOS grafted LDPE and 
VTMOS grafted ethylene propylene rubber (EPR). The degree of grafting was 
measured by preparing thin films moulded at 170°C. Free silane was removed from 
the thin films by extraction with acetone and Si-O-CH3 stretching groups at 1090cm·1 
were observed. 
Recent studies [S2] have introduced modification of HDPE by grafting 
polydimethylsiloxane (PDMS) onto the polymer backbone, using Dicumyl peroxide 
(DCP) as the initiator. Results show that to obtain high grafting degrees, high PDMS 
and intennediate DCP levels must be used. The grafting degree of the graft copolymer 
was evaluated by infrared spectroscopy, and a calibration curve for the detennination 
of grafting degree of PDMS onto HDPE was constructed. Cast films were prepared 
and analysed by FTIR, to detennine the peak areas of Si-O-Si absorption ofPDMS in 
the range of I095-1024cm·1 (AI) and the methylene group ofHDPE at nOcm·1 that is 
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used as the internal reference (A2). The ratios AI/A2 from the FTIR spectra were 
plotted as a function ofthe PDMS content (mol%). 
McCormic et al. [73] studied grafting a metallocene polyolefin resin with VTMOS 
using DCP as the initiator in an extruder. It was concluded from the results that when 
only VTMOS is added to the polymer, there is no grafting. The presence of DCP 
alone leads to direct crosslinking between polymer chains, and when DCP and 
VTMOS are added to the polymer there is silane, grafting. FTIR analysis was 
performed on the neat polymer and all the grafted samples containing 2% VTMOS 
with various concentrations (0-0.2Swt%) of DCP. From the FTIR analysis it was 
observed that trimethoxysilane groups gave characteristic absorption peaks at 799, 
1090 and 1192cm·1• The strongest absorption at 1092cm-1 was used to determine the 
relative amount of silane grafting. It was also observed that in the neat polymer 
sample and the sample containing VTMOS and no DCP, no peak appears at 1090cm-
1, indicating that there is no grafting. As the DCP concentration increases this peak at 
1090cm-1 begins to enlarge, indicating that there is an increase in silane grafting. 
Figure 2.26 shows the FTIR spectra illustrating this change. 
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Figure 2.26 FI'IR analysis of postextruded (i.e., following the grafting step) 
samples containing 2% VTMOS with various concentrations of DCP. The inset 
displays the l092cm-1 absorbance peak area as a function of initiator (DCP) 
concentration (73) 
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From the graph (inset) corresponding to an increase in number of Si-O-CH3 bonds it 
can be seen that as the DCP concentration increases there is an increase in the amount 
of silane grafting that occurs during the extrusion. From the FTIR measurements it 
was noted that sufficient silane grafting was produced. 
Studies [83,84] performed FTIR spectroscopy measurements on metallocene 
ethylene-octene (EOR) copolymer to analyse the presence of silane in the grafted 
products, and to monitor any changes occurring in the amount of methoxysilane 
groups (Si-OCH3) in the material. FTIR spectra of EOR samples before and after 
grafting reactions was performed on the materials. Peaks characteristic of the C-H 
bending vibrations of the methyl and methylene groups were observed at 1377cm·1 
and 1465cm·\ and three additional peaks that correspond to the trimethoxysilane 
groups (Si-OCH3)3 in the grafted samples were observed at 798,1092, and 1192cm-1• 
This can be seen in figure 2.27. 
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Figure 2.27 FfIR spectra ofEOR before (a) and after (b) grafting with VTMOS 
[83,84) 
Jiao et al. [85] studied the effect ofVTMOS and Vinyltriethoxysilane (VTES) grafted 
onto ethylene-octene copolymer (POE) prepared in the melt process. FTIR was 
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performed on the samples to investigate the effect of silane concentration, reaction 
time and temperature on the silane grafted samples. From FTIR analysis, peak 
assigrunents were identified for the POE, VTMOS grafted POE, and VTES grafted 
POE. Peaks at l193cm·1 and 1092cm-1 were assigned to Si-O-CH3 (VTMOS) and 
peaks at 1167, 1105, 1082 and 958cm-1 belonged to absorption of Si-OCH2CH3 
(VTES), this confirmed that VTES and VTMOS were grafted onto POE. The intensity 
of these peaks increased with increase in si lane concentration; this also indicates that 
the extent of silane grafting increases. Figures 2.28 and 2.29 show the spectra. 
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Figure 2.28 FTIR spectra of VTMOS 
grafted POE (O.lwt% DCP, 170·C 
for 11 mins) with various amounts of 
silane (A)lwt%, (B) 3wt%, (C)Swt% 
and (D)7wt% [85) 
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Figure 2.29 FTIR spectra of VTES 
grafted POE (O.lwt% DCP, 170·C for 
11 mins) with various amounts of 
silane (A)lwt%, (B)3wt%, (C)Swt% 
and (D)7wt% [85) 
FTIR spectra showed that the extent of grafting reaction of POE is also affected 
greatly by the reaction time and temperature of the mixture in a Brabender apparatus. 
As reaction time increases from 3min to llmin with a 5wt% VTMOS and O.lwt% 
DCP at 170°C there is an increase in the intensities of the peak at 1092cm-1 and 
1193cm-1• When the reaction time is over 8 minutes the increase becomes slower 
showing that silane grafting reactions may be finished and complete; from these 
results a suitable reaction time of the silane grafting to POE was established. The 
effect of the Brabender temperature for VTES grafted POE was also analysed, the 
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VTES concentration at 5wt% and DCP at 0.025wt% for 11 mins remained constant. 
From this it was also shown that there is an increase in intensity around the 1100cm" 
region as the reaction temperature increases from 150 to 210DC, indicating that there 
is an increase in si lane grafting reaction, because with increase in temperature the 
more radicals produced and hence results in increase in grafting yields. 
From the FTIR analysis the extent of si lane grafting (R) was calculated according to 
the absorbance ratio of 1092cm-' of the Si-O-CH3 group or - 11 OOcm-' peak of Si-O-
CH2CH3 and absorption peak of the -CH3 group at 1377cm-'. 
or R= (AllOS+A108Z)/AI377 (2.26) 
Studies [73,86] have been carried out to measure the amount of grafting by measuring 
the absorbance peak ratio oftrimethoxysilane (Si-O-CH3) at 1092cm-' and 1192cm-' 
with respect to polyethylene -CH2 group (719cm-'). The grafted samples are purified 
in order to remove any unreacted silane. After purification the absorbance peak ratio 
at 1092 cm-' and 1192cm-\ is measured again, the reduction in absorbance peak ratio 
indicates that there was unreacted silane present in the grafted samples. From these 
absorbance peak ratio values before and after purification the % grafting of silane was 
measured. 
A study [87] usmg FTIR was undertaken to measure the content of different 
unsaturated groups such as the vinyl groups in polyethylene. In the study the vinyl 
group absorbing at 909cm-' is present. Therefore, the quantity of unsaturation could 
be measured. 
It has also been mentioned that FTIR spectroscopy can be used to measure the 
crystallinity in a polymer [88]. The intensities of infrared bands may change as the 
crystallinity of a polymer is varied. It is essential to use thin films, however to obtain 
thickness accurately may be difficult. In order to eliminate this variable, 
measurements on two different bands can be made. Amato [33] studied the percentage 
crystallinity in Rigidex high density polyethylene using the FTIR spectroscopy. The 
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crystallinity in the polyethylene was obtained from taking the ratio between the area 
under the peak at 1897 cm- l and the sum of this area plus the one under the peak at 
1303 cm- l (methylene twisting and wagging vibrations). As shown in the figure 2.30 
these two peaks are respectively attributed to crystalline and amorphous regions in the 
material. 
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Figure 2.30 Crystallinity determination using FUR spectroscopy [33) 
2.6.1.2 Differential Scanning Calorimetry (DSC) 
1200 1100 
DSC can be used to carry out thennal characterisation of polyethylene samples by 
ramping the temperature at a controlled rate. The heat capacity of the sample is 
measured as a function of its temperature during heating or cooling [14). 
Shieh and Tsai [81] used DSC to study the effect ofVTMOS grafted onto LDPE at a 
heating rate of 20°C per minute. Results showed that the silane grafting reaction was 
exothermic between 150°C and 230°C indicating a reaction time of 4 mins and there is 
a linear relationship between the grafting reaction heat (~H) and the amount of silane 
used. 
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Studies [82] on HDPE grafted with PDMS using DSC were used to analyze the 
thermal behaviour of the polymer. The samples encapsulated in aluminium pans were 
heated or cooled at IOoC/min, each sample being heated to 200°C for 5 mins to 
remove any thermal history applied. The degree of crystallinity was measured by the 
enthalpy of fusion of the copolymer and the enthalpy of fushion of the HDPE. The 
results showed that the percentage of the crystallinity of a grafted copolymer 
decreases slightly with increase of the grafting degree, this is probably due to the 
disturbance of the HDPE chain symmetry which is due to the grafting of the 
monomer. 
Studies [8] have also been carried out on tlie grafting ofVTMOS onto LDPE and EPR 
by varying the level of VTMOS and DCP and measuring the effect of this on the 
reaction exotherm, and the activation energy (Ea). The graft copolymerisation 
reaction was monitored using DSC. The PE and EPR were converted into a powdered 
form and antioxidant was removed by dissolving in hot xylene at I30°C, followed by 
precipitation with acetone and stirring at a high speed in an ice bath. A small amount 
of DCP and silane were made into solution and premixed with PE and EPR in a 
mortar, the reaction mixture was encapsulated in aluminium pans, and a heating rate 
of 20°C per min was used. The results show that at a constant level of DCP the 
reaction exotherm increases with the increase of the VTMOS content and levels off at 
a higher concentration and the degree of grafting reaches its saturation limit at this 
concentration ofVTMOS (approximately 150-250 m mol). However for a particular 
concentration of VTMOS the reaction exotherm (8Hexo) is higher for the system 
having a higher amount of DCP (approximately lA m mol). It was found that if the 
concentration of DCP increases beyond 1.6 m mol there is no further increase in the 
8Hexo value. Overall it has also been found that the degree of grafting increases up to 
the concentration of 1.6 m mol of DCP and 200 m mol of VTMOS per 100g of PE, 
and if the concentration is increased beyond this does not increase the value of 
8Hexo, and no further grafting is observed. The reason for this could be due to there 
not being sufficient sites for grafting and also the vinyl si lane may not be soluble in 
the PE and EPR. It was also found that the concentration of silane and DCP do not 
affect the activation energy value (Ea) and the values are similar for both PE and EPR 
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since the grafting proceeds by hydrogen abstraction from the -CH2 which is through 
the same reaction site for both PE and EPR. 
Recent studies [72,89,90] have been carried out to gain an insight into usmg a 
technique known as differential scanning calorimeter-successive self nucleation and 
annealing (DSC-SSA) to probe the distribution of grafts between and within polymer 
chains. Short chain branching (SCB) was measured by using the DSC-SSA protocol. 
This was carried out under dry nitrogen atmosphere. Heating/cooling rates were 
applied to the samples after removing the thermal history ofthe samples. This method 
was designed to fractionate semi crystalline polymers according to lamellar thickness 
of polymer crystals and/or by methylene sequence length (MSL) The SSA enhances 
the sensitivity of the DSC to the effect of microstructure. It was used to measure the 
% crystallinity and Tm of materials. 
2.6.1.3 Nuclear Magnetic Resonance (NMR) 
Peroxide initiated grafting of VTMOS onto dodecane was characterised by NMR 
spectroscopy [49]. NMR data can be used to determine the nature of the type of 
multiple grafts, indicating that multiple single grafts introduce only CH2Si(OCH3)3 
groups, while homopolymer grafts introduce CHSi(OCH3)3 groups. 
2.6.1.4 Rbeological and structural changes 
Ultsch and Fritz [76] studied graft polymerisation on a twin screw compounding 
extruder to produce large quantities of crosslinkable graft polymers. Online rheometry 
and online FTIR spectroscopy were used to characterise the structural and rheological 
changes of the polymer melt produced during the grafting of LDPE by selected 
si lane/peroxide formulations. It was shown that with varying the peroxide 
concentration from 0.001 wt % to 0.003 wt %, keeping constant 1.5 wt % VTMOS 
there was a significant difference in the melt viscosity which increased as the 
peroxide level increased. This also caused a decrease in the flow behaviour that was 
measured at 190°C with a 21.6kg load. However by varying the VTMOS 
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concentration from 1.0 to 2.0 wt % and keeping the peroxide constant at 0.003 wt %, 
the results showed that there was an increase in flow using 190°C with a 21.6kg load. 
Jiao et al. [85] investigated grafting of VTES onto POE. From the results it was 
concluded that the Melt Flow Index (MFI), which relates to the flow of material is 
affected by both DCP and silane concentration. As the DCP concentration increased 
from 0.00%-0.20% (5wt% VTES) there was a decrease in MFI measured at 230°C 
under a load of 20.16kg. With an increase from 0.00%-7.00% of VTES (O.1wt% 
DCP) it was found that there was also a decrease in MFI. The reason for the decrease 
is due to the fact that grafting or cross linking was occurring during the processing this 
in effect decreases the mobility of the chains and hence decreases the flow of the 
material. 
Huang and Liu [91] studied the effect of the type and concentration of monomer 
(VIES) and methacryloylpropyltrimethoxysilane (VMMS) grafted onto 
polypropylene (PP). From the results it was concluded that the monomer type and 
concentration effects the melt flow rate (MFR) of the silane grafted PP. With 
increasing monomer concentration, there were similar trends of decreasing MFR 
(measured at 230°C with a 2.16kg load) observed for both VMMS and VTES grafted 
PP. However, the MFR of the VMMS grafted PP were at much lower level than those 
of VTES grafted PP, indicating that grafting with VIES results in degradation. The 
effect of initiator type (DCP and BPO (Benzoyl peroxide» was also investigated. It 
was shown that when BPO was used as an initiator, no degradation of PP during 
grafting was observed, and the MFR of grafted PP decreased with increase BPO, 
whereas use of DCP as an initiator resulted in severe degradation of PP. The MFR of 
grafted PP increased gradually with increasing DCP concentration. 
2.6.2 Studies OD sHaDe crossliDked polyolefiDs 
As mentioned earlier, the silane crosslinking process involves two stages, the grafting 
stage and the crosslinking stage. In the crosslinking stage the silane grafted polymer is 
cross linked in the presence of water and catalyst. The degree of crosslinking causes 
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variation in many important properties. Detennining the degree of crosslinking 
provides a way to control the process and also gives an indication on the quality of the 
finished product. The two main approaches that can be used to determine the degree 
of crosslinking are; conventional gel content measurements and crosslink density 
(swelling) measurements. These techniques can be used to illustrate the effect of the 
crosslinking on the properties of the finished product [84,92). For quantitatively 
characterising the crosslinking degree an FTIR approach can also be used [92). It is 
important to understand that swelling measurements are determined from the 
insoluble fraction of the polymer material, with the soluble fraction dissolved in the 
solvent. In this case the grafted material is initially crosslinked and then swelling 
measurements are determined on the insoluble fraction. 
2.6.2.1 Gel content measurements 
Gel content analysis is a technique used to measure the degree of crosslinking by 
extracting a specimen in a hot solvent for a specified period of time and measuring its 
weight loss [14,83,84,92,93). 
Gel content (%) = 100 x Final weight of sample 
Initial weight of sample (2.27) 
Studies [94) on silane crosslinked pp have been carried out. The percentage gel 
content of VMMS grafted pp and VTES grafted pp was calculated by measuring the 
percentage of gel after extraction in refluxing xylene for 12 hours using a Soxhlet 
extractor and then drying the samples in a vacuum oven at 120°C for 24 hours. 
Results showed that the gel percentage of VMMS grafted pp was higher then VTES 
grafted PP, this indicates that there is greater grafting and crosslinking efficiency with 
VMMS than VTES which may be due to VTES having large steric hindrance, since 
reactive sites are close to the bulky ethoxysilane groups. 
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Dias and co-workers and Sen et al. [8,95] pointed out that many important factors 
should be considered such as temperature of crosslinking, structure and concentration 
of catalyst, and time on degree and rate of crosslinking. A study [8] was carried out on 
moisture curing and the moisture crosslinking processes in LDPE and EPR. The study 
investigated the effect of variation of catalyst concentration on the degree of 
crosslinking. The three types of catalyst used to measure the efficiency in inducing 
cross linking were stannous octoate, dibutyl tin dilaurate and dialkyl tin mercaptide. 
The variation of gel fraction was measured by immersing weighed samples and 
allowing them to swell, the soluble portions being extracted in xylene at 120°C for 24 
hours. After drying the samples in a vacuum oven at -60°C, the gel content was 
measured. The results obtained showed that the gel fraction increased with increase in 
the concentration of the catalyst, the order of their efficiency was stannous octoate 
<dibutyl tin dilaurate <dialkyl tin mercaptide. The degree of crosslinking was also 
measured with the catalyst at a constant concentration and the crosslinking was 
carried out for different extents of time in hot water (90°C). The results show that the 
degree of crosslinking achieved after complete curing at fixed catalyst concentration 
is in the order dialkyl tin mercaptide> dibutyl tin dilaurate> stannous octo ate. Further 
the effect of variation of the moisture concentration on the rate and degree of 
crosslinking was measured; hence it was observed that the moisture content increases 
as the rate of crosslinking and the degree of crossIinking increases. 
The rate of crosslinking reaction can be expressed as; 
Where dx = rate of gel formation 
dt 
k = overall rate constant 
Cc = concentration of the catalyst 
Cm = concentration of moisture 
a = order of crosslinking reaction with respect to catalyst 
b = order of crosslinking reaction with respect to moisture 
(2.28) 
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To measure the order with respect to the catalyst concentration the grafted 
polyethylene (VTMOS grafted polyethylene) was crosslinked in hot water (90°C) for 
different extents of time and using a dibutyl tin dilaurate catalyst at different 
concentrations. From the results it was seen that as the concentration of the catalyst 
increases the rate and degree of crosslinking increases, and hence the degree and the 
rate of crosslinking depends on the catalyst concentration. The same was also found 
for the other catalysts, revealing that this follows first order kinetics when keeping the 
moisture concentration constant. The effect of varying the moisture concentration (by 
keeping the samples in water, air, and in a desicator) on the rate and degree of 
crosslinking was also measured. In this case the catalyst concentration remained 
constant and the gel content was measured at different time intervals. From the results 
it was observed that as the moisture concentration increases the rate of crosslinking 
increases. This was also found to be true for the other catalysts. 
A study [83] was undertaken to measure the effect of crosslinking time on silane-
water crosslinking of metallocene ethylene-octene copolymer. The reaction was 
carried out in a twin screw extruder with constant VTMOS and DCP initiator at a 
screw speed of 30rpm and a temperature range of 160-200°C. This was then followed 
by crosslinking the grafted material by immersing in water at 70°C for different 
periods of time. The gel content and some related properties of the crosslinked 
polymers were measured. The results showed that in the early stages of the 
crosslinking processes the rate of formation of gel is very high, resulting in an 
increase in gel content until a maximum gel content of 77% is obtained after 60h of 
immersing time. Beyond this time the gel content does not increase any further, 
because after this stage no further crosslinking will occur. However, the properties 
measured showed that there was a further increase in crosslinks that continued to form 
in already formed gel resulting in a denser network formation. This data is supported 
by another study [84] that appears to have a similar relationship in the % gel content 
and crosslinking time when immersion of grafted material in water (70°C) for 
different periods of time. In this study crosslinked metallocene ethylene-octene 
copolymer was prepared by two different techniques i.e., peroxide crosslinking and 
si lane-water crosslinking showing that silane crosslinked polymers could be prepared 
with higher gel contents than the peroxide crosslinked polymers. This could be due to 
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the state at which crosslinking takes place. The gel contents obtained in these studies 
were found to be the same as that used in industrial practice for example on producing 
cable insulations with ethylene vinyltrimethoxysilane [31]. 
Shah, Fuzail and Anwar [96] studied the effect of VTES and BPO on low density 
polyethylene prepared on a Brabander mixture. Properties such as gel content were 
measured on the crosslinked material. It was found that gel content increases from 0-
75% with varying concentrations of si lane from 0-27.33phr and a constant amount of 
benzoyl peroxide. The study was designed to determine how to optimise the 
properties of crosslinked PE in order meet its requirements. 
Recent studies [33] have also shown that the type of catalyst, the conditioning time 
and temperature play a major role in the level of crosslinking and therefore gel 
content. VTMOS grafted HDPE strips were conditioned in an autoclave for different 
times ranging from 1 hour to 3000 hours and temperatures from ambient temperature 
to 190°C. The results revealed that with an increase in both conditioning times and 
temperatures there is an increase in the level of gel content measured. This is 
supported by the findings from a study [25] carried out on VTMOS grafted HDPE 
material. However this study emphasised that the rate and final degree of crosslinking 
are determined by various parameters concerning both polymer structure and 
crosslinking conditions such as catalyst type and concentration, crosslinking time, and 
temperature. The study highlighted that cross linking behaviour of the silane grafted 
polyethylene depends primarily on the polymer structure and content of silane grafts, 
such as the ability of water to have access to the reactive alkoxysilane groups for 
hydrolysis and subsequent crosslinking. Bearing in mind that the water saturation 
concentration in the polymer matrix is very low, therefore the water consumed for 
hydrolysis of alkoxysilane groups depends on the water diffusion into the polymer 
matrix in its solid state. Hence the crosslinking rate depends on the rate of water 
diffusion into the polymer. Al-Shamrani [25] investigated the water diffusion rates for 
VTMOS grafted HDPE material at a range of temperatures, from which diffusion 
coefficients at different temperatures were calculated. From the results it was 
concluded that an increase in crosslinking temperature as well as increasing the gel 
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content also increases the water uptake by the grafted material, therefore following 
the Fick's Law and is strongly dependent on temperature. According to the Arrhenius 
process the water diffusion to the polymer matrix indicates that the crosslinking 
temperature has a considerable effect on diffusion and eventually the crosslinking. 
2.6.2.2 Equilibrium swelling measurement 
Al-Shamrani [251 studied a swelling technique that was carried out to obtain a clear 
understanding regarding the structure of a crosslinked material. The equilibrium 
swelling theory of Flory and Rehner [971 describes the ability of crosslinked material 
to swell in a solvent, from which an indication of the crosslinked network structure is 
determined. This method was applied to measure crosslink density (n) which is the 
average number of crosslinks, and molecular weight between crosslinks (Mc) in a 
given volume of polymer matrix for the VTMOS crosslinked HOPE material. Initially 
the silane grafted samples were crosslinked in water in an autoclave at different 
temperature conditions (30, 60, 90°C) for 2 hours and at 90°C for 24 hours then gel 
content and crosslink density measurements were obtained. From the results it was 
found that the gel content for samples conditioned for 2 hours increased from 39.5%-
68.0% with an increase in temperature, also crosslink density (n) measurements 
increased from 0.0635 at 30°C to 0.0772 at 60°C to 0.0920 mol/kg at 90°C, and 
therefore there was a decrease in the molecular weight between crosslinks (Mc). 
Studies by Wong and Varrall [40] have been done on LLOPE, LOPE and HOPE. 
After grafting the polyethylene with VTMOS (using dicumylperoxide and 
dibutyltindilaurate catalyst) to produce strips, the strips were moisture cross linked by 
immersing them in a water bath at SO°C for different time periods. This was done to 
determine the crosslink density of LOPE, HOPE, and LLOPE. From the results it was 
shown that the difference in the solid state structure and silane grafting efficiency of 
various polyethylene types play an important role in the crosslinking of the 
polyethylene. The highly branched LLOPE can form a high crosslink density network 
without much silane crosslinking, whereas the less branched HOPE or LOPE require 
more silane crosslinking and more time is needed for cross linking to achieve a 
network structure. This may be due to the differences in the peroxide induced C-C 
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chain extension during the silane grafting process. The degree of chain extension of 
the polyethylene is important in the rate of formation and the degree of crosslinking of 
the network structure. Since grafting of silane exists in the amorphous zone, there is 
better crosslink distribution for the LLDPE. 
A study [98] was carried out to investigate the effect of DCP on metallocene 
polyethylene-octene elastomer (POE). This crosslinkable POE was pressed into thin 
plates by a hot press and then crosslinked. The crosslink density (n) and molecular 
weight between crosslinks (Mc) measurements on the gel were determined from the 
Flory and Rhener theory. From the results it was shown that Mc decreased as DCP 
concentration increased. 
2.6.2.3 Fourier Transform Infrared (FTlR) spectroscopy 
FTIR spectroscopy has shown potential in determining variations in cross linked 
materials. Studies [83,92] performed on crosslinked material using FTIR spectroscopy 
have proposed that grafting ethylene-octene copolymer (EOR) with VTMOS followed 
by cross linking shows the main groups characteristic to the methoxysilane (Si-OCH3) 
groups of the si lane to absorb at I092cm-1 and I I 92cm-1 and highlights a shoulder to 
appear at I030cm-1 on the larger band of (Si-OCH3) at 1092cm-1 after crosslinking the 
material. This is due to the methoxysilane groups hydrolysed and condensed to form 
siloxane (Si-O-Si) linkages that appear to absorb in the same regions. Figure 2.31 
shows FTIR spectra of si lane grafted and crosslinked ethylene-octene copolymer. 
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Figure 2.31 FfIR spectra of silane grafted and crossIinked EOR samples [92) 
It can be seen clearly from the figure that a distinct peak appears at 1030cm"! after 
crosslinking the material. In the studies measurements on the absorbance index, 
defined by the relative intensity of the peaks at 1192cm"! and 1092cm"! to that of the 
reference peak at 1377cm"! were calculated" The results show that there is a decrease 
in absorption index at 1192cm"! with increase in crossIinking time, implying that there 
is either an increase in siloxane linkages or a decrease in methoxysilane groups, 
therefore, inferring that there is an increase in crosslinked material. The overlap at 
1092cm"! makes quantitative measurements ofSi-O-Si bands difficult to obtain, even 
though the intensity of this peak decreases [99]. However overall FTIR spectroscopy 
can be used as a means to follow changes in intensities of these bands and 
quantitatively determine the changes in the formation of siloxane linkages. This test is 
more useful as it is less time consuming and requires no solvent and therefore is more 
environmentally friendly compared with the other two methods, gel content and 
solvent uptake (swelling test). 
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CHAPTER THREE: EXPERIMENTAL 
ISOPLAS graft copolymer is produced by grafting organosilane such as VTMOS onto 
RIGIDEX PC4017 HOPE. Microplol Lld [lOO] manufactures and supplies material 
that consists of two components: Graft copolymer and catalyst masterbatch. Both of 
these components are in granular form and are blended together to produce the 
finished product. This material is supplied by Micropol Ltd under the trade name 
ISOPLAS P471. The raw materials (HOPE, peroxide, and antioxidants) used for this 
project were supplied by Micropol Lld and blended in a twin screw extruder to 
produce the graft copolymer for analysis using different characterisation techniques. 
3.1 Materials 
The materials used in this project are as follows; 
3.1.1 Polyethylene 
High Density Polyethylene (HOPE), batch number 716512 is supplied by BP 
Chemicals Limited under the trade name BP RIGIDEX HOPE (PC4017). Details are 
shown in table 3.1 
Table 3.1 Properties ofHDPE. 
PROPERTY TYPICAL VALUE 
Melt Flow Rate (190°C/5kg) 0.85g110min 
(190°C12.16kg) 0.2g110min 
Melting Point 126-134°C 
Density 948kglmJ 
Tensile Stress at yield 24MPa 
Elongation at break >300% 
Environmental Stress Crack Resistance >250 hours 
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3.1.2 Antioxidants 
The main purpose of antioxidants is to prevent oxidative degradation. 
Three types of antioxidants are used in this project. They are purchased from CIBA 
speciality chemicals PLC, and were used as received. 
1) Irganox 10to, [3-(3,S-di-tertbutyl-4-hydroxyphenyl)propionate] 
2) Irgafos 168, (tris - (2,4-di-tert-butylphenyl) phosphite) 
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3) Irgafos P-EPQ (Tetrakis -(2,4-tert-butylphenyl)[1,1-biphenyl)-4,4-
biphenylenediphosphite). 
3.1.3 Peroxide 
This is a dialkyl peroxide, and is one of the most commonly used radical donors for 
organosilane grafting. It degrades to form free radicals when exposed to temperatures 
of more than 160°C. It has a melting point of 43-48°C. 
Perkadox 14S is a trade name for 1,3-bis (tert-butylperoxyisopropyl) benzene and was 
supplied by Akzo Nobel Limited. The half-life of perkadox 14S at 190°C is 1 min. 
This peroxide was selected due to its stability with a radical site. Also the 
temperatures used for processing the material in this study (180-240°C) are suitable 
for the peroxide at its half-life temperature. 
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3.1.4 Vinyltrimethoxysilane (VTMOS) 
This is the most commonly used silane compound and is used as a grafting agent for 
polymers. This reagent is supplied under the trade name Silquest A-171 silane from 
Witco (Europe) S.A. (organosilicones group). 
3.1.5 Octyltrimethoxysilane 
This product was purchased from Sigma Aldrich, and used as a model compound for 
a complete silane grafted polyethylene material. 
CH2 CH CH2 H OCH /\/\/\ I I 3 
CH3 CH2 CH2 H20-o--Si- OCH 3 ~ bCH3 
3.1.6 PolydimethylsiIoxane (PDMS) 
This product was purchased from Sigma Alderich, and used as a model compound for 
a complete silane crosslinked material. 
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3.2 Processing 
3.2.1 Compounding extruder 
The silane grafted samples referred to in this report were produced on an APY MP-
30TC twin screw compounding extruder. The specifications of the ex truder are shown 
in table 3.2 and a photograph of the extruder used is shown in fi gure 3 .1 . 
Figure 3.1 Schematic photograpb of the APY MP-30TC twin screw 
compounding extruder 
Table 3.2 Specifications of APY MP-30TC twin screw compounding extruder 
Screw diameter 30mm 
Screw lengthlDiameter ratio 30:1 
Screw speed range 0-500rpm 
Direction of screw speed Co-rotating 
Screw action Self-wiping, fully intermeshing 
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3.2.1.1 Calculating the feed rate 
Prior to the compounding the screws of the feeder were calibrated to determine the 
output rate (mass per unit time). The feeder screw speed was set to a screw speed, and 
material was collected for 60 seconds in a container from the exit of the screws. This 
was repeated three times to obtain an average feed rate. This procedure was carried 
out on three screw speed settings. The output rate (kglhr) was kept the same 
throughout the processing of the material. 
3.2.1.2 Preparation of grafted polymer 
The basic operation carried out to prepare crosslinkable graft copolymer was: 
1) Premixing by bag shaking 
The raw materials; base polyethylene granules, the three antioxidants, and the 
peroxide were mixed thoroughly in a polythene bag for 2-3 minutes. This was 
followed by adding the VTMOS and the mixing was continued for a further I minute 
until all the granules were fully coated. 
2) Compounding 
The coated granules were loaded into the extruder hopper and extruded through a two 
hole die. The extrudates were passed through a water bath, and then dried through a 
drier before being granulated with the chopper. The temperature profile of the 
compounding extruder was set as shown in the table 3.3. The feed rate was set at 8.49 
kg/hr, and the values ofthe torque and the die pressure were noted. 
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Table 3.3 Temperature profile of APV twin screw extruder 
Temperature (0C) 
Feed 180 
Zone 1 190 
Zone 2 200 
Zone 3 220 
Zone 4 230 
Die 240 
3) Drying 
The extruded granules were dried in an oven at a temperature of 30°C for one hour, to 
remove any moisture remaining on the granules. The samples were then sealed in 
aluminium bags to prevent moisture from causing premature crosslinking of the 
grafted material. 
3.2.1.3 Screw speeds 
A trial run was carried out to obtain an adequate screw speed. During the processing 
the screw speed was varied at 150rpm, 200rpm, and 250rpm to verify which screw 
speed gave an adequate amount of grafted material. The material was processed using 
a standard formulation used at Micropol Ltd (as shown in table 3.4). The screw speed 
at 250rpm was used for this study because at the speed of 150rpm and 200rpm the 
extrudates kept breaking as they were comming out from the extruder, and there was 
not enough material that could be collected. Also, Micropol Ltd maintains the screw 
speed around 250rpm for the grafting process. 
In this study the screw speed is not an important factor, as long as there is sufficient 
mixing and an adequate level of grafting could be obtained. 
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Table 3.4 Standard formulation used by Micropol to prepare ISOPLAS graft 
copolymer 
Compounds Weight % 
Rigidex pc 4017EA 97.975 
VinyITrimethoxySilane (VTMOS) 1.830 
Perkadox 14S 0.053 
Irganox 1010 0.033 
Irgafos 168 0.100 
Irgafos PEPQ 0.035 
3.2.1.4 Preparation of silane grafted HDPE samples 
The same procedure as outlined in section 3.2.1.2 was carried out using the 250 rpm 
screw speed. Samples were processed using the standard fonnulation but varying the 
silane level from 0.0 weight % to 2.2 weight % (samples A-F) and constant peroxide 
at 0.05 weight %. Another set of samples were processed, by varying the level of 
peroxide from 0.0 weight % to 0.09 weight % (samples G-L), and silane constant at 
1.83 weight %. In addition to this two other samples were processed for which the 
concentrations of samples F and L was double (samples M and N). 
Table 3.5 summarises the amount of silane and peroxide used to prepare the silane 
grafted polyethylene samples. The standard samples D and J are highlighted, 
emphasising the concentration variations compared with the standard concentrations 
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Table 3.5 Formulation ofsilane grafted HDPE samples 
Sample VTMOS(wt%) Perkadox 14S (wt%) 
A 0 0.050 
B 1.400 0.050 
C 1.600 0.050 
D 1.800 0.050 
E 2.000 0.050 
F 2.200 0.050 
G 1.800 0 
H 1.800 0.010 
I 1.800 0.030 
J 1.800 0.050 
K 1.800 0.070 
L 1.800 0.090 
M (Hx2) 3.60 0.020 
N (Lx2) 3.60 0.180 
3.3 Crosslinking silane grafted HDPE samples 
Initially the base polymer RIGIDEX PC4017 was grafted with VTMOS in a twin 
screw extruder to produce the siIane crosslinkable polyethylene (RIGIDEX P471). 
The second stage which is the crosslinking stage involves the post treatment of the 
finished crosslinkable product in water or steam. This was performed in an autoclave 
at high temperatures and pressure. The grafted samples prepared on the twin screw 
extruder were crosslinked by immersing them in water for different periods of time, 
however no catalyst was used. The conditioning temperature that the samples were 
left in water was 90°C (below the melting point of polyethylene), while the 
conditioning times were 2 hours and 24 hours. A Baskerville non-agitated autoclave 
supplied by Wavin Plastics Ltd was used for the crosslinking of the samples. The 
maximum working pressure of the autoclave is 22 bars and a maximum working 
temperature of 200°C. There is also a digital temperature control system that controls 
the temperature of water which is measured by a thermocouple during the 
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crosslinking of the samples in order to maintain the temperature set for the 
experiment. A thermal insulating jacket was always used to cover the autoclave for 
safety reasons, and also to prevent too much heat escaping from the autoclave. The 
granules (- 20 granules) were placed in metallic mesh baskets (10 mesh stainless 
steel), folded into a shape ofa cup and lid. The figures 3.2 and 3.3 show the autoclave 
used to crosslink the grafted samples. 
Figure 3.2 Baskerville none-agitated autoclave used for conditioning grafted 
samples in water 
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Figure 3.3 Insulating jacket to cover the autoclave 
3.4 Characterisation techniques 
The fo llowing characterisation techniques were used to analyse the processed silane 
grafted HDPE materials and the cross linked materials. 
3.4.1 Solvent extraction 
Extractions or separation procedures using the reflux system invo lves either so lvent 
extraction of additives or disso lution and prec ipitation of the polymer in solvent. It is 
a convenient way to separate polymers and add itives and can be used as a means to 
obtain pure fractions of certain components. When a non-solvent for the polymer is 
used it can allow for the soluble additives to be extracted, whereas if a solvent for the 
polymer is used this will leave behind insoluble additi ves [1 0 I]. 
3.4.1.1 Gel content measurements 
The gel content of a material can be obtained by extracti ng all the uncrosslinked 
material from a crosslinked polyethylene specimen to leave behind the insoluble 
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material ("gel"). The gel content is a measure of the degree of crosslinking of the 
samples, immersed in boiling xylene. The grafted and cross linked samples (granules) 
were analysed to obtain gel content. The standard test method ASTM D2765-95 [102] 
was followed to carry out the procedure to measure the content of gel in a sample. 
Two pieces of metallic mesh baskets (100 mesh stainless steel), were folded into 
shape of a cup and a lid so that the material to be extracted was held in, and placed 
into the flask sited on a heating mantle at 140°C. Figure 3.4 show pictures of the 
metallic mesh used for the analysis. 
11 Fold 
Figure 3.4 Photograph of mesh used for gel content analysis 
The empty metallic mesh (mt) was weighed on a balance (± O.OOOlg), and also 
approximately 0.2g of material to be analysed was weighed (m2)' This material was 
placed into the metallic mesh and weighed (m3). The metallic mesh with the material 
in was placed into the flask together with 100ml of xylene, boiling point 140°C (to 
dissolve any material that is grafted or the unmodified polyethylene), and also 
approximately 19 of powdered Irganox 1010 antioxidant, this to prevent the sample 
from degrading by oxidation during the refluxing. This was left to extract for a period 
of about 20-24 hours. After the extraction process was complete, the wet mesh was 
left in the fume cupboard for two hours to evaporate any excess xylene. For complete 
evaporation of xylene the mesh was placed in a preheated oven at 140°C for four 
hours. The insoluble material ("gel") that had been crosslinked remained and was 
weighed in the mesh (Il4), and the material that remained uncrosslinked was soluble 
in the xylene. Equation 3.1 can be used to measure % gel content. 
The % of gel content (proportion of crosslinked polyethylene) = m 4 - m I x 100 
rn 2 
(3.1) 
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3.4.1.2 Swelling measurements 
Swelling measurements were performed on the gel obtained; this gives information on 
the crosslink density of the samples. Crosslink density is a quantitative measure of the 
average number of crosslinks that exist in a given volume in the polymer matrix. This 
is related to the degree of crosslinking [97]. The calculations were based on the 
uptake of xylene solvent under reflux, giving average values of the molecular weight 
between the crosslinks, (Mc), and the average number of crosslinks (cross link density 
(n» for each sample. A standard test method for determination of gel content and 
swell ratio of crosslinked ethylene plastics [102] can be used. The molecular weight 
between crosslinks (Mc) of the gel was determined using the equilibrium swelling 
Flory and Rhener theory [97]. Samples A-N crosslinked for 24 hours (-Ig granules), 
with different gel contents were immersed in 50ml of hot xylene. The soluble material 
was dissolved in the hot xylene after refluxing for 24hours at 140°C, whilst the gel 
phase remained floating in the solvent from which the crosslink density is determined. 
Following the refluxing, the insoluble material (spherical shaped swollen granules) 
were removed from the flask using long tweezers, and then wiped softly with tissue 
and placed into pre-weighed test tubes. This was obtained to measure the weight of 
the swollen samples using the following equations: 
(3.2) 
Where Wb is the weight of the swollen samples, WT+b is the weight of the system (test 
tube and swollen sample) and WT is the initial weight of the test tube (recorded prior 
to adding the material). Flory and Rehner theory can be considered when the swollen 
gel is in equilibrium with the pure solvent, molecular weight between cross links (Mc) 
and crosslink density (n) were calculated using the following equation [97]. 
V 2 = 1 l+PpWb-wJ 
(3.3) 
P,W. 
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Where V2 is the volume fraction of the polymer within the swollen network, pp 
and Ps are densities of polymer (952kg/m3) [25] and solvent at 140°C (751.6kg/m3) 
[25] respectively, W. and ~ are the weights of dried and swollen samples 
respectively. Therefore with the swollen gel in equilibrium with the pure solvent, 
Flory's equation is used to calculate the molecular weight between crosslinks Mc. 
(3.4) 
Where Vs is the molar volume of xylene at 140°C (1.4124x lO-4m3/mol), For HOPE-
xylene at 140°C, p. (polymer-solvent interaction parameter) is 0.38 [103]. From this 
and the equations 3.2-3.4 the crosslink density can be determined using equation 3.5: 
I 
n 
2Mc 
(3.5) 
3.4.1.3 Purification of sHane grafted HDPE samples 
Purification was carried out on the processed material to remove any additives that 
have not reacted effectively onto the polymer. In this case the procedure was 
performed on the silane grafted HOPE samples, in order to remove and identify 
unreacted silane that was not grafted onto the polyethylene. 
First a trial run was carried out on the HOPE and silane to see if the method was 
effective for analysis of the si lane grafted samples [72]. The following steps were 
performed on the HOPE: 
1) Dissolution 
First HOPE (5g) and approx O.llg of silane was dissolved in hot xylene (150ml), and 
refluxed at 140°C (boiling point of xylene). The dissolved material was then cooled 
down to room temperature. 
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2) Precipitation 
Secondly the dissolved sample was precipitated with 4S0ml (3 times the volume of 
xylene) of acetone (polar solvent). The acetone was added dropwise and stirred until 
all the polyethylene was isolated from the solution (since the polyethylene is not 
soluble in acetone, it precipitates out of solution). 
3) Filtration 
The isolated polyethylene and the solution (silane, xylene and acetone) were then 
separated by filtration using a Buckner funnel. 
4) Drying 
The isolated polyethylene was dried in a vacuum oven at 80°C for 7-24 hours [86]. 
5) Characterisation 
Lastly FTIR Spectroscopy was performed on the purified polyethylene material to 
ensure that no silane was left on the isolated polymer during the purification. This was 
detected by identifying a main peak that is present in a silane grafted sample. After 
the effectiveness of the method was confirmed it was applied to purify the grafted 
samples. 
Steps 1-5 were carried out on various selected grafted samples processed in the 
compounding extruder. 
3.4.1.4 Chloroform and Acetone extraction on silane grafted HDPE 
samples 
This is a method used to remove unreacted additives that have not grafted onto the 
polymer. However in this case unreacted silane was removed from the si lane grafted 
polyethylene material. The polyethylene itself was not dissolved in the solvent, as 
chloroform and acetone solvents are non solvents for polyethylene. The following 
steps were performed. 
Step 1 
Firstly approx. Ig of material (grafted material-granules) was weighed out into SOml 
of solvent (acetone or chloroform). This was refluxed at 70-7SoC for 24 hours. 
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Step 2 
The material was allowed to cool down for 30 minutes, and then the granules were 
separated from the solution by filtration. 
Step 3 
The polymer was then dried in vacuum at 70°C -7SoC for 24 hours. The separated 
solvent was evaporated, leaving behind the extract (monomer) that has been removed 
from the grafted material. 
Step 4 
Last of all FTIR spectroscopy was performed on the dried granules and the extract. 
The granules were compression moulded into thin films, and the extract was prepared 
into thin pellets using potassium bromide (KBR). Refer to section 3.4.5.1 for further 
details on preparing the samples for analysis. 
3.4.2 Differential scanning calorimeter (DSC) 
DSC is used as a thermal analysis procedure for applications such as; crystalline 
melting temperature (Tm), temperature of crystallisation (Tc), glass transition 
temperature (Tg). It can also be used to determine the percentage crystallinity of a 
polymer. The enthalpy of fusion of the material can be measured by calculating the 
area under the endotherms that can be obtained from the DSC plot [15]. The degree of 
crystallinity is determined from the ratio of the measured heat of fusion (&If) of a 
polymer sample, and the enthalpy of fusion for a theoretical 100% crystalline sample 
(286J/g) [104] e.g; &Ifusion 
&Icrystalline 
The material was analysed using a TA Instrument 210 DSC, which consists of a DSC 
refrigerated cooling system connected to a DSC 210 differential scanning calorimeter 
that is calibrated on a PC using TA software. Two aluminium sample pans, one with 
the material (-1 Omg) to be examined/tested and one remaining empty that is used as a 
reference are placed in the measuring unit and heated at the same heating rate (10°C 
/min), the heat flow difference between the sample pan and reference pan as a 
function of time was measured. This is done under a nitrogen atmosphere to prevent 
oxidation of the material. The samples were cyclically heated - cooled - reheated. At 
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first the sample was heated at a rate of 10°C per min up to 200°C (this was to remove 
any thermal history applied to the material during the processing), cooled at 10°C per 
min to 40°C and then reheated. A stabilisation period was maintained for 1 minute at 
the end of both heating and cooling, due to the change in the polymers phase 
transition. Three measurements were made for each sample and an average was taken. 
Figure 3.5 shows a schematic diagram of a typical DSC equipment. 
Figure 3.5 A typical Differential Scanning Calorimetry (DSC) equipment 
3.4.3 Melt flow rate (MFR) 
This technique is used to measure the rate at which molten polymer extrudes from a 
capillary die under a standard set of conditions. 
In this study a British standard BS 2782-7: Method nOA:1997 [105] was used to 
determine the MFI of the HDPE and the silane grafted samples. The measurements 
were carried out using a MP600 extrusion plastometer. The parameters (temperature, 
load, die etc) were set to satisfy the appropriate test procedure. The vertical cylinder 
was preheated at a fixed temperature of 190°C and approximately 4g of test material 
was charged into the cylinder via a funnel. The material was compressed in the 
bottom of the cylinder with a tool; this was to prevent air trapped inside the material 
that could affect the flow of the materiaL The material was extruded through a 
standard die of diameter 2.096mm and 8mm length by using a loaded piston (loads 
can be used varying from 5 to 20 kg), however in this project the load used was 20kg. 
An automatically timed test procedure was used in which material was cut off (with 
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the sound of a beep) at prior programmed piston heights. A number of four successive 
cut-offs were collected and weighed, from which an average weight of the four cut-
offs was calculated. The average mass was entered into the software and 
measurements such as MFR, MVR, shear stress, melt density, viscosity, and shear 
rate were automatically calculated. This was repeated twice for each sample. However 
in this report only the MFI and viscosity values are considered. 
Figure 3.6 shows a schematic diagram of a typical MFI apparatus used. 
fhermometer 
Weight 
-+~H-- Barrel 
:~;:;;;;-6il-- Heater 
f;.,,"n;t- Insulation 
--r.~H-- Polymer melt. 
Die 
Figure 3.6 Schematic diagram of an MFI apparatus 
3.4.4 Gel Permeation Chromatography (GPC) 
Size exclusion chromatography (SEC) or gel permeation chromatography (GPC) is 
the most widely used technique that can determine molecular weight (Mw) and 
molecular weight distribution (MWD) of polymeric materials. 
It is a separation technique based on the size and the shape of the molecules in a 
polymer, and separates a polymer sample according to the hydrodynamic volume 
[14,21, I 06, I 07]. SEC is normally performed on a commercial instrument equipped 
for computer-controlled data collection and analysis [14]. The equipment involves a 
suitable organic solvent such as toluene, 1,2,4-trichlorobenzene, tetrahydrofuran 
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(THF), trichlorobenzene and chloroform used to dissolve about 10mg of polymer, 
also a high-pressure HPLC pump, injector, columns and a detector. 
The column is packed with porous beads of polystyrene crosslinked with 
divinylbenzene, approximately 5-20/tm in diameter and a pore size ranging from 500 
to 1O,000,000nm. It is fundamental to use a range of pore size for effective separation 
of polymer molecules of different molecular sizes. The mechanism of the separation 
process is accomplished by diffusion of dissolved polymer into and out of the pores 
(stationary phase) along a concentration gradient as solvent (mobile phase) is 
continuously passed through the column [108]. The larger polymer molecules do not 
readily diffuse into the pores so remain in the mobile phase and are eluted quickly 
from the column; these molecules are considered to be totally excluded at lower 
retention times. The smaller molecules are retained in the column and can fit into the 
pores, freely moving in and out of the packed pores. This stay is temporary and the 
molecules are eventually eluted from the column, so the smaller molecules are eluted 
at later retention times. Using a series of columns with appropriate range of pore sizes 
can result in effective size separation [21,108], so the separation of various polymer 
molecule sizes are controlled by many factors including the length of the column, size 
of gel particles and the pore sizes. Figure 3.7 shows a cross-sectional view of porous 
particles inside the column. 
Figure 3.7 Cross-sectional view of porous particles inside a column [109] 
The SEC chromatogram data is obtained from the detector. The most commonly used 
detectors are differential refractometers (DRI) which measure the difference between 
the refractive index of the polymer solution prepared and that of the pure solvent that 
is continuously flowing through the column. The DRI response is directly 
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proportional to the concentration of the polymer in the solution. Other detectors such 
as ultra-violet (UV), light scattering or viscosity can also be used. 
Inside the column molecules are separated based on hydrodynamic volume (the 
volume the molecule occupies in the solvent). In order to obtain accurate data the 
column(s) is calibrated with samples of known molecular weight to get a relative 
distribution of molecular weights for the polymer sample, from this data MWD, Mw 
and Mn can be obtained. A schematic diagram of a ope system is shown in figure 
3.8. 
Solvent 
Reservoir Pump 
Columns 
Sample 
Injector 
Computer-
Recorder 
Detector 
r - ...1_1--... 
Waste 
Figure 3.8 Schematic diagram of a GPC apparatus (11) 
3.4.4.1 Calibration of SEC 
SEC is calibrated in order to establish a molecular weight distribution of a polymer 
sample. This is achieved by passing down the column polymers of known molecular 
weights in order to prepare a calibration plot to which the unknown is compared. A 
calibration plot of amount of solute versus retention (elution) volume is constructed 
which can be converted into a molecular- size- distribution curve as shown in figure 
3.9. In order to minimise errors during the calibration of the column it is essential that 
the structure of the polyolefin to be analysed is similar to the standard, as not all 
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polymers or copolymers behave in solution in the same manner. The commercial 
standards available for common polymers are those such as polystyrene (PS), 
polyethylene oxide, and polymethylmethacrylate (PMMA) [21,108]. A calibration 
curve was obtained using polystyrene as a standard, in order to obtain a broad range 
of molecular weight distributions. The GPC system uses the calibration plot to 
calculate the molecular weight of unknown polymers. Figure 3.9 shows a typical 
calibration plot. 
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Figure 3.9 GPC elutiou profile aud calibratiou plot [101] 
In this study the silane grafted samples (granules) that were processed on the twin 
screw extruder were sent to Polymer Laboratories at Rapra for analysis using a GPC 
(220) technique. 
From the calibration plot a molecular weight distribution curve can be constructed, as 
shown in figure 3.10, the typical positions of Mw and Mn are highlighted. 
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Figure 3.10 Molecular weight distribution curve [110) 
3.4.4.2 Sample preparation 
Solutions were prepared by adding ISmg of sample into ISml of 1,2,4-
trichlorobenzene solvent with antioxidant and heated at 190°C for 20 minutes, this 
solution was shaken in order for all the sample to dissolve. The solution was filtered 
through a metal sinter at 160°C (to remove crosslinked material), the filtered solutions 
were transferred to glass sample vials and left to equilibrate in a heated sample 
compartment for about 30 minutes, and then injected into the column (pLgel guard 
plus 2 x mixed bed-B, 30cm, 10 pm) for the analysis at a rate of 1.0mllmin. The data 
was collected and computed using the response from the differential refractometer 
(Refractive Index-RI) detector using "Trisec" 3.0 software. This detector has a 
response directly proportional to concentrations of the material. A viscosity detector 
was also used, which provides information regarding the structure of the polymer 
such as branching. 
3.4.5 Fourier Transform Infrared Spectrometer 
Infrared spectrometry can be used for both qualitative and quantitative analysis in the 
identification of polymeric materials. Figure 3.11 shows a detailed schematic diagram 
of an FTIR equipment. 
82 
CHAPTER THREE EXPERIMENTAL 
Interferometer ~"--Io­ I--R~IH-i -~ 
.. -.. -.- .. i Source 
!assembly 
Sample compartment 
i I ! I/[: 
i' I i 
Detector / 
11 i I [ 
1._ .. _ .....•.•. _ .•....•• _ .• .1 
Reference or 
sample cell 
holders \ ! I rt--Je.. , L .--______ .. ..J 
Exter~al beam "'--'>.~----Y'. .. 
I 
0' Collimated beam for visual alignment 
Figure 3.11 Schematic diagram of an FfIR equipment [111] 
In an FTIR spectroscopy a collimated monochromatic beam of light consisting over a 
broad range of infrared wavelengths from the source passes through the instrument. It 
is split into two (equal) components using a half silvered mirror known as the beam 
splitter. These two components of light hit a fixed mirror and a moveable mirror (two 
essential mirrors of the interferometer) and then are reflected back onto the beam 
splitter were they are recombined. Depending on the relative distance between the two 
mirrors, such that if the distance from the beam splitter to the fixed mirror is not the 
same as the distance from the beam splitter and the second mirror. There is a phase 
difference between the two paths of light travelling to and from the mirrors. Therefore 
the incident and reflected light undergo constructive or destructive interference. The 
light then travels back towards the sample, some of this light is absorbed by the 
sample and some is transmitted. The intensity of the transmitted light is detected by 
the detector. The intensity of the beam that reaches the detector depends on the 
interference between the incident and reflected light. The detector then transforms the 
data to produce a plot of intensity versus wavenumber. 
3.4.5.1 Qualitative analysis: Identification of functional groups 
Infrared spectroscopy can be used to detect functional groups in a sample, and also 
identifies unknowns and confirms identities. 
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To obtain an infrared spectra a Mattson 3000 FT-IR spectrometer was used, and 
samples were prepared either by melt pressing to obtain thin films or by preparing 
KBr pellets. Thin films (-0.2mm thick) were prepared by compression moulding 0.1-
0.2g of polymer granules between Melinex sheets. The films were placed into a hot 
press under a load of 10 (103) kg at a temperature of 160°C for less than 4 minutes; 
(otherwise crosslinking may occur if the grafted polyethylene is heated for long 
periods of time). They were then cooled in a cold press for 1 minute. The thin films 
were held by two magnets on a sample holder and then scanned by passing a single 
beam through the material; the spectrum was scanned over a range of 600-4000 cm-I, 
which is in the mid infrared region. The potassium bromide (KBr) pellets were 
prepared by milling the material (usually powder) using a pestle and mortar with KBr 
to form a very fine powder. This powder is then compressed into a thin pellet and held 
in a sample cup to be analysed, this was also scanned over a range of 600-4000 cm-I. 
3.4.5.2 Quantitative analysis: Method developed using FTIR 
analysis 
FTIR spectroscopy can be used to determine a relationship between the measured data 
and the concentrations of additives, antioxidants, and residual monomers in polymeric 
materials [3]. The most common way to express this relationship is by a calibration 
graph. This relates the concentration of the analyte to the response ofthe spectrometer 
[112]. In this technique chemical groups absorb energy at specific wavelengths, of 
which the concentration can be determined by using the Beer- Lambert Law [113], 
this controls the quantitatively observed absorbance in FTIR. It is related to the 
concentration of relevant vibration groups, since the strength of absorption band at 
any frequency is proportional to the concentration of groups producing that band. The 
quantitative analysis of polymers is based on the Beer-Lambert Law [108], as shown 
in equation 3.6. 
A = i.h.c (3.6) 
A is the absorbance of a given vibration; € represents the absorption coefficient, b the 
thickness of the film, and c the concentration of the vibration group. 
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Series of VTMOS and octyltrimethoxysilane concentrated standards (0.0025 to 
0.04grl or 0.28 x 10.3 to 4.49 X 10-3 wt%) were prepared up to a volume of 25ml in 
tetrahydrofuran (THF), this was carried out at room temperature, (Refer to appendix 
Al2-AJ3 for concentration standard measurements). Two other series of 
concentration standards for VTMOS in Nujol (mineral oil) and polydimethylsiloxane 
(PDMS) in chloroform were also prepared at room temperature. The solvents were 
selected according to there solubility parameters of both the solvent and solute. The 
compounds were soluble in the selected solvents, also the solvents did not absorb in 
the region of interest. 
FTIR analysis for the quantitative analysis was carried out on these standards using 
the 8300 Shimadru spectrometer (because this instrument can detect peaks of 
compounds present in small quantities) with a resolution of tern-I, and a total of 30 
scans on average over a range 600-4000cm- l . The solutions were injected between 
two sodium chloride plates with a constant (0.05mm) spacer thickness that was held 
in a Specac Omni cell holder and prepared for analysis. The peak heights at a given 
wavelength was measured, this was done in order to construct calibration graphs 
which were used to carry out quantitative analysis on the silane grafted samples that 
were processed on the twin screw extruder. 
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CHAPTER FOUR: RESULTS AND DISCUSSION 
PHYSICAL PROPERTIES OF SILANE GRAFTED HIGH 
DENSITY POL YETHYLENE 
4.1 Introduction 
In this section the experimental work carried out on silane grafted samples processed 
on a twin screw extruder, and the unmodified HDPE will be presented. The samples 
were processed using a standard formulation that is used by Micropol Ltd to process 
si lane grafted polyethylene material (refer to appendix Al for formulation table). In 
order to investigate the effect of si lane and peroxide concentrations on silane grafted 
HDPE, the silane concentration; VTMOS and peroxide concentration; 1,3-bis(tert-
butylperoxyisopropyl) benzene were varied during the processing of the samples. 
Upon completion of the grafting reaction the grafted polymer samples were pelletized 
in granular form and sealed in aluminium bags under dry conditions to prevent any 
premature crosslinking in the presence of small traces of moisture from the 
atmosphere. The samples were then characterised using various techniques. 
4.2 Snane grafted UnPE 
A total of fourteen samples processed on the twin screw extruder were analysed using 
techniques such as DSC, MFI, OPC, Soxhlet extraction (to obtain gel content and 
swelling measurements) 
4.2.1 Concentrations of snane and peroxide in snane grafted unPE 
A series of samples (A-N) were processed using a standard formulation provided by 
Micropol Ltd. All the other additives (refer to appendix A2 for actual weights) 
remained constant. In the first series (samples A-F) the silane concentration was 
varied from Owt% to 2.2wt% and the peroxide concentration kept constant at 
O.050wt%. In the second series (samples O-L) the silane was constant at 1.8wt% and 
the peroxide concentrations varied from Owt% to O.090wt%. Samples D and J 
(1.8wt% silane and O.05Owt% peroxide) are the same, so give information about the 
repeatability of the process. Two other samples, M and N were also processed under 
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the same conditions. Sample M, contributes to double the concentration of sample H 
and sample N, double the concentration of sample 1. These two samples were 
selected according to the highest (180) and lowest (20) ratio of silane to peroxide 
concentrations, in order to understand how doubling the concentrations influences the 
material's behaviour. Table 3.5 (section 3.2.1.4) summarises the formulations used in 
preparing the silane grafted samples. 
4.2.2 Differential scanning calorimetry 
Processed silane grafted polyethylene samples (A-N) and the base polyethylene 
(Rigidex PC4017) were characterised using a DSC test, in order to determine the 
.changes in the degree of crysta11inity and melting temperature. The samples were in 
granular form and heated at a heating rate of 10°C per min up to 200°C (to remove the 
thermal history of the material). The temperature was maintained at that temperature 
for I min and then cooled to 40°C at the same rate, and then again reheated up to 
200°C at 10°C per min. The test was repeated three times for each sample and average 
values were calculated. An example of a DSC trace of the base polyethylene and a 
silane grafted polyethylene sample are illustrated in figures 4.1- 4.4. 
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Figure 4.4 DSC analysis showing second heat cycle of silane grafted HDPE 
Referring to the DSC data obtained from the computer, the thermograms showed the 
melting temperature (Tm) represented by the endothermic peak, which implies 
absorption of energy. The highest peak is the recrystallisation temperature (Tc), this is 
shown to be exothermic because when polymer crystallises they give off heat. Onset 
of melting temperature (Tsm) is the temperature at which melting starts, and onset of 
recrystallisation (Tsc) is the starting temperature of recrystalJisation. The area under 
the peaks show the heat absorbed or heat given off during the melting or 
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crystallisation process and is referred to as heat of fusion (tlHf), and heat of 
recrystallisation (tlHc) respectively. However, the data from the thermograms second 
heat cycle (e.g. fig 4.2, 4.4) was used to calculate the % crystallinity, which was 
calculated for the base polyethylene and the individual silane grafted samples. This 
was determined by calculating the ratio of the measured heat of fusion (tlHf) of a 
grafted sample obtained from the DSC, and the enthalpy of fusion when a sample is 
100% crystalline (286J/g) obtained from the literature (tlH crystalline) [104]. Table 
4.1 presents the DSC results obtained for the base polyethylene and the silane grafted 
samples. 
Table 4.1 DSC results on sHane grafted HDPE 
Sample % Crystallinity (± 4) Tm ("C) (± 1) Tsc ("C) 
(endothermic) (exothermic) 
A 54 133 119 
B 54 132 119 
C 61 132 119 
D 57 133 118 
E 54 133 118 
F 50 132 118 
G 70 132 119 
H 53 132 119 
I 52 131 119 
J 51 131 119 
K 52 132 118 
L 56 131 118 
M 61 131 119 
N 54 130 118 
HDPE 64 134 120 
From the data in table 4.1 it can be seen that there is not a significant difference in the 
% crystallinity for samples A to N. However, overall there is a lower % crystallinity 
of the grafted samples than that of the base polyethylene, this indicates that there is 
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some chain irregularity such as silane grafting, polyethylene branching, C-C 
polyethylene crosslinking or si lane crosslinking in the polymer matrix which results 
in partial disturbance to the crystalline phase. The crystalline regions are only slightly 
affected, probably at the noncrystalline surface layers of the crystalline lamellae (as 
shown in fig 4.5). This means that the partial disturbance of the crystalline regions 
does not significantly affect the polymer crystallinity [114]. Bearing in mind that 
during the processing of the material by extrusion [100] the si lane grafting is taking 
place when the polymer is in its molten state and so the grafts are localised in the 
amorphous phase and hence the noncrystalline surface regions of the crystallites 
[114], then on cooling the crystals are formed in areas were there is no chain 
irregularity. Therefore, the grafts do not interfere with the crystalline regions and 
hence do not affect the formation of the spherulites on cooling. Moreover, in a 
polymer matrix the distribution of grafts/crosslinks can be either homogeneous or 
non-homogeneous. The results obtained on molecular weight between crosslinks 
(Mc), which is shown to be high, (as seen later in section 4.3.1.2) suggests that the 
grafts are widely spaced and only located on some molecules. There is not much 
evidence clarifying the distribution of grafts, however an understanding that there are 
loose network structures explains the insignificant difference in crystallinity of the 
grafted samples which maybe due to the fact that a lot of polymer needs to be 
crystallised, so resulting in a small difference amongst the grafted samples compared 
to the base polyethylene. Homogeneous distribution arises when crosslinks (direct C-
C crosslinks) or graftslbranches are formed with polyethylene in the molten state. On 
the other hand, silane crosslinking is mainly performed after crystallisation has taken 
place, such as when the methoxy (Si-O-CH3) groups on the silane is hydrolysed and 
condensed to form siloxane (Si-O-Si) links, therefore the distribution of crosslinks 
will form on the existing grafts and will be confined to non crystalline regions. This is 
because semicrystalline .polyethylene is modified below its melting point so the 
crosslinking takes place predominantly in the amorphous and interfacial regions 
where the grafts are sited, forming a qrosslinked polymer as a second component with 
the grafts [115]. 
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Figure 4.5 Grafts and crosslinks formed in the amorphous (a) and interfacial (CO) 
regions, with partially disturbing the crystalline (c) regions (114) 
As explained above the results obtained can indicate that since the % crystallinity is 
only slightly lower than that of the unmodified base polyethylene, the grafts may be 
randomly distributed along the polyethylene backbone and because they are mainly 
distributed in the amorphous regions, the number and size of crystallites are similar to 
those of the unmodified base polyethylene, which is further supported by the Tsc 
measurements that show insignificant variations amongst the grafted samples and also 
compared with the base polyethylene. Therefore, it can be concluded that the increase 
in silane grafts, undesired crosslinks or polyethylene branches during the processing 
only slightly limits the crystallisation capability. A study was carried out by Narkis, 
Tzur and Vaxman [116) who utilized DSC to compare the thermal behaviour of 
grafted HOPE using the Sioplas process, then followed by crosslinking, with peroxide 
crosslinked HOPE samples. The first heat thermograms were neglected, due to the 
samples having different thermal histories during the processing and the second heat 
and cooling thermograms were used to assess the heat changes (Tc, % crystallinity, 
and Tm). From the study it was found that after crosslinking (hydrolysis and 
condensation) of VTMOS grafted polyethylene (gel content -80%) the crystallinity 
levels decreased by about 8%. However for peroxide crosslinked (gel content -74%) 
there was an overall 13% reduction in crystallinity. This showed that grafting 
followed by crosslinking had less effect on crystallinity than direct peroxide 
crosslinking. This is because in the VTMOS grafted material the Si-O-Si crosslinks 
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fonn into a network of crosslinks in the amorphous phase when the material is in the 
solid state, where the grafts have already fonned during the processing, however 
peroxide crosslinking fonns in the melt and restricts the mobility of the molecular 
chains during crystallisation. Therefore, samples containing C-C crosslinks will differ 
in crystallinity from those in which siloxane crosslinks are fonned. The above finding 
suggests that the samples processed in this study consist of insignificant C-C 
crosslinks, which is supported by the % crystallinity calculated for sample A to be 
slightly lower (54%) than the base polyethylene (64%). Sample G was found to have 
higher % crystallinity (70%) than the base polyethylene and the other grafted samples. 
This is because the unreacted silane has not grafted to the polyethylene during the 
processing since no peroxide is present; therefore the silane is acting as a lubricant 
allowing crystallisation to occur more easily. 
Tm is a measure of the temperature needed to melt the polymer to fonn liquid from 
solids and hence melting of the crystalline structure. It is an indication of the size of 
the crystallites in the crystalline part of the polymer. It has been reported [117,118] 
that there is a decrease in Tm with the extent of si lane grafting. However, this 
contradicts the results obtained in this work from which it can be seen that there is not 
a significant difference in the Tm (130-132°C) for any of the grafted samples, and it is 
only slightly lower than that of the base polyethylene (134°C). As mentioned earlier 
there is little change in the crystallinity or in Tm, indicating a relationship between the 
two measurements. The fonnation of spherulites in VTMOS grafted HDPE material, 
has been investigated [33], however it was reported that the spherulite structures are 
difficult to identify. Therefore, a detailed study was undertaken (as mentioned above) 
to understand the crystallite structures in VTMOS grafted HDPE using a DSC 
technique which is more reliable. 
4.2.3 Melt Flow Index 
MFI is the amount of polymer extruded by a given die in a certain time [119]. This 
was used to measure the flow rate of the samples processed and is also an indirect 
method for molecular weight comparisons [120]. The MFI was measured on the base 
polyethylene (Rigidex PC 4017) and the processed grafted samples (A-N). The MFI 
measurements were carried out with a Tinius-Olsen extrusion plastometer. Other 
measurements were also calculated automatically (refer to appendix A3 for data) 
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during the analys is, however this report is focused on the flow rate of the materials. 
The effect of silane and peroxide concentrations on the flow properties of the polymer 
was measured. Figure 4.6 shows the MPI results obtained for samples A-F fo r which 
silane concentration was varied from Owt% to 2.2wt% and the peroxide concentration 
kept constant at 0.05wt%. A 20kg weighl was app lied to the material. The MFI of the 
Rigidex 40 17 HDPE was measured to be 19.5g1 10min. 
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Figure 4.6 Effect of VTMOS concentration on MFI of silane grafted HDPE 
Figure 4.6 represents the effect of si lane concentration on the flow rate of the si lane 
grafted polyethylene samples. The results clearly show that all the samples have a 
lower MFI compared to the base polyethylene. However, overall the MFI values of 
the grafted samples increase systematica lly wi th an increase in si lane concentration 
from l.4wt%-2.2wt%. 
From the figure it can be seen that sample A has a low MFI compared to the base 
polyethylene. This could be due to C-C polyethylene crosslinks or polyethylene chain 
branches forming during the processing of the samples. Since silane is not present to 
form silane grafts there will not be a significant increase in the overall molecular 
weight, however, the flow of the material is affected due to the presence of 
polyethylene branches. The melt viscosity was also measured and appeared to be 
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higher for sample A in comparison to the viscosity of the base polyethylene because 
crosslinking and branching have a large effect on the viscosity, even though there is 
not much of it. For samples B to F the increase in silane concentration from 1.4wt% to 
2.2wt% (ratio of silane to peroxide increases) results in a steady increase in MFI this 
can be explained by the slip effect that is promoted by silane. Excess ungrafted 
organosilane molecules or low molecular weight oligomers (by-products) that may 
have formed during the processing act as a lubricant in the polyethylene melt allowing 
an increase in slippage of the polyethylene chains over each other under an applied 
constant stress. As a result of this the flow rate of the material increases. These results 
are supported by a study Ultsch and Fritz [76] carried out on LLD PE, which showed 
the same effect. This can also explain the reason for the decrease in melt viscosity, 
with increasing the silane concentration; the unreacted silane reduces the overall 
viscosity of the material. A study [121] has suggested that the silane phase may have 
separated from the polymer melt, on account of this effect the peroxide may migrate 
into the separated silane phase resulting in a decrease in grafting onto polyethylene, 
therefore the surplus silane causes the material to become less viscous. However, 
results of this work reflect a different suggestion, as explained earlier. 
Figure 4.7 shows the MFI results obtained for samples G-L for which peroxide 
concentration was varied from Owt% to O.090wt% and silane concentration kept 
constant at 1.8wt%. The MPI of the unmodified base polyethylene was measured, 
using a 20kg weight giving a value of I 9.5g!1 Omin. 
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Figure 4.7 Effect of peroxide concentration on MFI of s i lane grafted HDPE 
The results in figure 4.7 show that MFI values s lightl y decrease from 19. 1 glm in at 
Owt% concentration of peroxide to 18.4g/min at O.OIOwt% concentration, fo llowed by 
a rapid decrease from 18.4g/ IOmin at O.O IOwt% concentration to 0.9g110min at 
0.090wt% concentration. However, sample G has an MF I very close to that of the 
base polyethylene which can be explained by the fac t that Ihere is no reaction takin g 
place. Also sample H with a high ratio of silane to peroxide concentrati on shows an 
MFI val ue ( 18.4g/1 Om in) a lmost equivalent to that of the base polyethylene. This is 
due to silane not grafting efficient ly onto the po lyethylene backbone and behaving as 
a lubricant therefore resulting in a high MFI. The rap id decrease in MFI as the 
peroxide increases beyond 0.0 I wt% is believed to be due to the increasing number of 
free rad icals produced by peroxide decomposition, which promote the format ion of 
radical sites on the polyethylene backbone, allowing an increase in the C=C of si lane 
binding to the radical sites, and hence increasing the level of grafting. The chaj n 
mobility of the molecules decreases, and in effect leads to a decrease in the flow 
behaviour of the maIerial. This implies that grafting is more intensive at higher 
peroxide concentrations. A study [76] showing the effect of peroxide on LLDPE 
reported the same effect. 
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The decrease in MFI could also be due to the presence of cross links, either a few 
peroxide induced cross links (C-C) or the grafted si lane forming premature crosslinks 
in the presence of oxygen. These reactions could occur during the processing of the 
samples, causing the molecular chains to extend , as a result increasing entanglement 
o f the chains, and hence decreasing the flow of the material [85). 
The me lt viscosity mirrors the MFI of the material, consequently showing an inverse 
relationship with the MFI values. These measurements implied that for samples G-L 
there is an increase in viscos ity and therefore confirms that thi s is due to an increase 
in the gra ft ing and or cross linking during the processing. It is clearly illustrated in 
figure 4.8, the MFI results for samples M and N with corresponding samples of lower 
concentrations H and L. This demonstrates the reproducibility on processing silane 
grafted material, showing insignificant effect on the material s flow behaviour with 
constant ratio o f si lane to peroxide concentrations. 
180 180 20 20 
Ratio of silane to peroxide concentration 
Figure 4.8 Effect of doubling concentrations on MFI of silane grafted HDPE 
From figure 4.8 it can be seen clearly that samples H and M both have similar MFI to 
the HDPE (19.5g!10min). As stated earlier, this could be due to the fact that because 
there is a high concentration of silane with respect to peroxide concentration, the 
si lane is behaving as a lubricant allowing the polymer to flow easily. Also, due to 
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very low concentrations of peroxide present in both samples H and M could result in 
very little reaction occurring. Therefore, the flow behaviour of samples H and M is 
similar to that of the unmodified polyethylene. Samples L and N with a low 
concentration of silane to peroxide shows a very low MFI compared to the HDPE. 
This implies that a high level of reaction has occurred. Hence, the samples are highly 
branched due to increase in radical sites formed with the peroxide, resulting in 
increased si lane grafts or maybe due to alternative polyethylene reactions, causing a 
decrease in the flow of the polymer. 
4.2.4 Gel Permeation Chromatography 
Molecular weight analysis was carried out on the silane grafted polyethylene samples 
(A-N) and the Rigidex 4017 HDPE at Rapra Technology using GPC analysis. 
As described earlier (section 3.4.4) in detail, SEC or GPC is a technique that can 
determine both number average molecular weight (Mn) and the weight average 
molecular weight (Mw). It is a separation technique based on the size and the shape of 
the molecules in a polymer, and separates a polymer sample according to the 
hydrodynamic volume of the polymer molecule in solution [14,106,107]. In order to 
determine any difference in chain branching in the grafted samples, molecular weight 
analysis was performed using the GPC-viscosity approach which uses a combination 
of two detectors, differential refractometer and a viscometer. 
According to the Mark Houwink equation; 
17=KM; 
lom=logK+alogMw 
17 = intrinsic viscosity 
Mw = Weight average molecular weight 
K and a = Mark Houwink constants for specific solvents and temperature 
Mw is determined usmg a differential refractometer detector, whereas intrinsic 
viscosity ( 17 ) measurements can be obtained from the viscometer detector. 
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Chain branches affect the molecular weight of the material in solvent, which also 
influences the viscosity. However at constant molecular weight 1'/ will be higher for 
unbranched polymers than the branched polymers. The constant, a (expansion of 
polymer in solvent) values that change depending on the amount of branching can be 
obtained from the gradient ofa log 1'/ v's log Mw plot (shown in appendix A7-A8) 
Table 4.2 illustrates the variation in Mw and Mn for samples A-F in which silane 
concentration was varied from 0 wt% to 2.2 wt% and peroxide concentration 
remained constant. 
Table 4.2 Mw and Mn on sHane grafted HDPE samples 
Sample Mw Mn Ratio MwlPE Ratio MnlPE Mw/Mn 
A 120,000 20,900 1.00 1.02 5.74 
B 173,000 25,850 1.17 1.14 6.69 
C 181,500 25,700 1.23 1.13 7.06 
D 173,000 23,300 1.17 1.03 7.42 
E 163,000 22,100 1.11 0.97 7.38 
F 160,000 21,750 1.08 0.96 7.36 
Base PE* 147,500 22,700 6.50 
BasePE* 120,500 20,500 5.88 
* Note that two Rigidex 4017 HDPE values are displayed in the table above. This is 
because sample A was sent in a separate batch for analysis from samples B-F. 
Samples analysed at anyone time should have the molecular weight of the base 
polyethylene as their reference. 
For all the samples, the ratio of Mw and Mn with respect to its base polyethylene was 
calculated as well as the polydispersity (MwlMn) which shows the distribution of 
molecules in the polymer. 
- Data in Red sent in one batch (samples A with RIGIDEX 4017 HDPE) 
- Data in Blue sent in one batch (samples B-F with RIGIDEX 4017 HDPE) 
From the results reported in the table 4.2, it can be seen that there is no significant 
difference in molecular weight measured for sample A (120,000) compared to the 
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base polyethylene (120,500), this slight difference could be due to slight branches 
formed on the polyethylene backbone or due to variability in the GPC method. 
The molecular weight of samples B-F is higher compared to their base polyethylene 
value (147,500) due to the presence of branching. Referring to the ratio values of Mw 
with respect to the base polyethylene it can be seen that initially there is an increase in 
Mw with increase in silane concentration. This can be explained by the increase in 
branching that in effect increases the molecules size. Moreover, majority of this 
material remains soluble in the solvent and passes through the column together with a 
small amount of insoluble material that is detected as gel. Therefore, the increase in 
branching corresponds to an increase in Mw when detected by the detector. A 
maximum Mw is obtained at concentrations of 1.600wt% silane and 0.050wt% 
peroxide. Above this concentration, molecular weight decreases with an increase in 
si lane concentration which could be due to the increase in crosslinked material that 
has formed during the processing and is mainly detected as gel. Theoretically 
molecular weights determined from GPC experiments represent only the soluble 
fraction of the samples, and since the highly crosslinked or branched chains detected 
as gel are retained by filtering before the injection into the equipment, the low 
molecular weight material that is soluble in the solvent will be passed through the 
column and analysed. In this series of samples and according to the literature [73,122] 
it can be concluded that the alkoxysilanes crosslink by hydrolysing the alkoxy groups 
to silanol groups which then form siloxane crosslinks (Si-O-Si). Even in the absence 
of a catalyst or water, oxidative silane crosslinking can take place during the 
processing. In relation to the gel content measurements (shown later in section 
4.2.6.1) it can be seen that with increase in silane concentration there is an increase in 
gel content and hence an increase in insoluble material that in essence is separated 
from the soluble material prior to the injection of material into the column. The gel 
content measurements support the molecular weight data. 
It can be seen from table 4.2 that the polydispersity (Mw/Mn) on average is slightly 
higher compared to the base polyethylene, which means that the distribution of 
molecules is broad with a wide variation in molecular weights (Refer to appendix A4-
A6 for molecular weight distribution graphs). 
Measurements from GPC analysis were made using both the differential refractometer 
and the viscosity detector. A viscosity detector is more sensitive to changes in the size 
of molecules; therefore with chain branches being the primary factor for this change it 
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is concluded that branches have fonned and are present in the samples. Alpha (a) 
measurements (which relate to expansion of polymer in solvent) obtained from the 
viscosity detector have confinned the presence of a slight increase in chain branching 
with increase in silane concentration. These were calculated for individual samples to 
illustrate the level of branching (refer to appendix A7-A8 for viscosity plots), which 
also influence the molecular weight measurements. The data portrays an inverse 
relationship to the Mw values, implying that an increase in Mw which is due to the 
increase in branching results in a decrease in alpha. 
Fabris et al. [122] studied the effect of modifying LDPE with VTES; from the results 
it was found that as the VTES concentration increases there is a decrease in molecular 
weight. This also supports the findings presented above. 
Table 4.3 illustrates the data obtained from the grafted samples G-L for which the 
peroxide concentrations was varied with constant VTMOS. Samples M and N for 
which the concentrations of samples H and L were doubled. Molecular weight 
analysis was also carried out on these samples at Rapra Technology. 
Table 4.3 Mw and Mn on silane grafted HDPE samples 
Sample Mw Mn Ratio MwIPE* Ratio MnIPE* MwIMn 
G 104,000 19,550 0.86 0.95 5.32 
H 125,500 21,250 0.85 0.94 5.91 
I 143,000 21,450 0.97 0.94 6.67 
J 151,000 22,250 1.02 0.98 6.79 
K 175,000 22,150 1.19 0.98 7.90 
L 182,500 21,100 1.24 0.92 8.65 
M 114,000 18,750 0.95 0.91 6.08 
N 137,000 17,100 1.14 0.83 8.01 
Base PE* 147,500 22,700 6.50 
BasePE* 120,500 20,500 5.88 
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* Note that two Rigidex 4017 HDPE values are displayed in the table above. This is 
because sample G, M and N was sent in a separate batch for analysis from samples H-
L. As mentioned above samples analysed at anyone time should have the molecular 
weight of the base polyethylene as their reference. 
- Data in Red sent in one batch (samples G, M and N with RIGIDEX 4017 HDPE) 
- Data in Blue sent in one batch (samples H-L with RIGIDEX 4017 HDPE) 
From the data presented in table 4.3, it can be seen that the molecular weight for 
sample G (104,000) is lower compared to that of the base polyethylene (120,500). In 
the absence of peroxide, the silane does not react onto the polyethylene, but forms 
silane oligomers (by-products) that pass through the column and detected as low 
molecular weight material. The increase in peroxide concentration for samples H to L 
corresponds to more radical sites generated therefore corresponds to a substantial 
increase in molecular weight (from 125,500-182,500), due to an increase in chain 
branching (silane grafts or polyethylene chain branches). Alpha measurements 
obtained from intrinsic viscosity data plots (shown in appendix A8-AIO) show that 
the values decrease with increase in molecular weight (inverse relationship), 
signifying the increase in molecular weight which is due to more branches formed and 
hence a decrease in alpha. In this case the branches have not formed into a crosslinked 
network structure with a high level of gel so a high concentration of the material 
remains soluble in the solvent and is passed through the column. However, the small 
quantity of material that has formed gel is filtered out prior to injecting the material 
into the column. 
From the table it can be seen that sample N (doubled concentration of sample H) and 
sample H have slightly lower molecular weight compared to the Mw of the base 
polyethylene, also sample M (doubled the concentration of sample L) and sample L 
has a slightly higher Mw compared to its base polyethylene. 
4.2.5 Relationship between Melt Flow Index and Molecular Weight 
As mentioned earlier there is an indirect relationship between MFI and molecular 
weight. Figures 4.9 and 4.1 0 illustrate the effect of molecular weight on MFI for 
samples A-F with varying silane concentration (Fig 4.9) and samples G-L with 
varying peroxide concentration (Fig 4.10) 
102 
CHAPTER FOUR RESULTS AND DISCUSSION 
---= .-S 
Q 
.... 
--
toJ) 
'-' 
.... 
... 
~ 
8 
7 
6 
5 
4 
3 
2 
1 
o 
100,000 
" 
"" 
"" ~ ~ 
.~ 
120,000 140,000 160,000 180,000 200,000 
weight average molecular weight (Mw) 
Figure 4.9 Effect of molecular weight on MFI of siIane grafted polyethylene with 
varying concentrations of siIane 
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Figure 4.10 Effect of molecular weight on MFI of VTMOS grafted polyethylene 
with varying concentrations of peroxide 
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From figures 4.9 and 4.10 it can be seen clearly there is an indirect relationship 
between molecular weight and MFI, highlighting that the increase in molecular 
weight results in a decrease in MFI. In theory this can be explained by the fact that as 
the molecular weight and chain length increases there is an increase in molecular 
entanglement of these chains, i.e. crosslinks (Si-O-Si or C-C) or long chain branches 
and so the flow rate of the material decreases. 
However in this study two factors have to be considered when relating the MFI and 
molecular weight measurements of the silane grafted materials. Firstly, the MFI is a 
measure of all the materials flow behaviour, whereas the molecular weight 
measurements emphasise only on the soluble fraction of material (figures 4.6 and 4.7, 
tables 4.2 and 4.3 show the changes in MFI and molecular weight with increase in 
silane and peroxide concentrations, respectively). For samples A-F the two factors 
considered are, initially the high molecular weight and low MFI (samples B and C) is 
due to branching. Whereas, the decrease in molecular weight (with an increase in 
silane concentration) and an increase in MFI do not eliminate the branching effect, 
however, since the large insoluble material is filtered prior to GPC analysis, therefore 
only the low molecular weight material is detected. Moreover, the second factor to 
consider is the decrease in MFI that is mainly due to the lubricating effect of the 
ungrafted silane molecules. The slight deviation in the results is in essence due to the 
variability in the apparatus. Furthermore, samples G-L shows clearly the indirect 
relationship in molecular weight and MFI, indicating an increase in molecular weight 
corresponds to a decrease in MFI. 
4.2.6 Solvent Extraction 
Gel content and swelling measurements for the silane grafted samples were obtained 
using the reflux system following the procedure described in section 3.4.1.1 and 
3.4.1.2. 
As stated previously in section 4.2.4, gel content is a measure of only the insoluble 
fraction of the material in a particular solvent. This can be crossJinked material in the 
form of siloxane (Si-O-Si) linkages, C-C crosslinks or large molecules that are 
insoluble in the solvent and remain in the wire mesh (used in the procedure) as gel. 
Furthermore, swelling measurements are performed on the materials gel. 
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Figure 4.11 illustrate the different schematic molecular network structures that can be 
considered as gel. Some of these structures could also be soluble in solvent, 
irrespective of the structure and hence not in the fonn of gel. Moreover, the fonnation 
of some by-products through side reactions (refer to section 5.5) with VTMOS 
molecules reacting with other VTMOS molecules can be either soluble or insoluble in 
the solvent during analysis. 
Siloxane (Si-O-Si) cross links 
(a) (b) 
c-c polymer crosslinks 
(g) (h) 
(c) 
(i) 
Qi .. 
. ~: --
.... -
(e) 
----- C-C Links 
Figure 4.11 Schematic illustration of network structure: (a) one single siloxane 
crosslink attached to polymer (b) cyclic siloxane crosslink attached to polymer 
(c) two single siloxane crosslinks attached to polymer (d) siloxane crosslinked 
structure with polymer branching points (e) catenane- like entanglements of 
polymer chains consisting of siloxane and C-C crosslinks (t) cyclic network of a 
polymer branched through siloxane crosslinks (g) polymer with tetrafunctional 
C-C bonds (arrows indicate crosslinks) (h) physical entanglements of 
macro molecular chains (i) three functional branching points of polymer 
(intramolecular cycles) [7,123) 
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4.2.6.1 Gel content measurements on sHane grafted HDPE 
In order to calculate the gel content of the si lane grafted samples (A-N), the granules 
were refluxed in boiling xylene for 24 hours. The experimental results showed good 
reproducibility, with the standard deviation in the range of ± 0.2, the results show 
values of gel content averaged from repeating the experiment on each sample three 
times. The % gel content performed on the silane grafted samples is shown in figures 
4.12 and 4.13. 
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Figure 4.12 Effect of VTMOS concentration on gel content of silane grafted 
HDPE 
Figure 4.12 illustrates the effect of increase in silane concentration, in the grafted 
samples on the % gel content. From the graph it can be seen that as the silane 
concentration increases from 0 to 2.2wt% there is an overall increase in gel content 
from 0.1 to 22.5%. For sample A, the gel content measurement (0.1 %) shows that the 
free radicals generated from the dissociation of the peroxide have very little influence 
on the formation of direct C-C crosslinks of the polyethylene chains. Swelling 
measurements (section 4.3.1.2) give evidence that a loose network structure is formed 
during the processing of the grafted material. Referring to MFI and molecular weight 
measurements it is assumed that very little reaction takes place (only slightly 
branched) during the grafting process, and hence a high fraction of material is soluble 
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in xylene, therefore, the gel content is insignificant. The increase in gel content from 0 
to 1.4wt% si lane could be due to the si lane molecules grafted onto the polyethylene, 
forming premature siloxane (Si-O-Si) linkages. Chloroform extraction (section 5.5.1) 
has also shown evidence of soluble by-products (oligomers) formed during the 
processing, and depending on the size and solubility of these molecules can have an 
influence on the gel content measurements. A study [73] reported by McCormick, 
Royer and co-workers emphasised that Si-O-Si linkages can be achieved during the 
processing under high temperature conditions in the presence of oxygen, without 
water or a catalyst. The gel content from lA to 2.0wt% silane is constant, with slight 
variations influenced by the repeatability of the experiment. The stability in gel 
content could be due to a slight increase in silane grafts onto polyethylene, without 
forming premature siloxane linkages. However, the increase in silane content could 
result in further side reactions forming larger by-products that are soluble in xylene, 
therefore, are not detected as gel, with this being the dominating reaction compared 
with the direct silane grafting to polyethylene. The rapid increase from 2.0 to 2.2wt% 
could be due to the formation of silane grafts that have formed premature siloxane 
crosslinks as well as the formation of by-products that are insoluble in xylene, and 
hence detected as gel. This is later confirmed with chloroform extraction results 
(section 5.5.1.2) showing evidence of polar molecules present in the extract. 
Gel content was also calculated for the grafted samples for which the peroxide 
concentration was varied from Owt% to O.09wt%. Figure 4.13 shows the effect of 
peroxide concentration on the % gel content in the si lane grafted samples. 
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Figure 4.13 Effect of peroxide coucentration on gel content of sHane grafted 
HDPE 
From the graph (fig 4.13) it can be seen that as the peroxide concentration increases 
from 0 to 0.09wt% there is an increase in gel content from 0.2 to 23.2%. The gel 
content of sample G shows that under conditions in which no peroxide and only a 
small concentration of silane is present, there is very little crosslinking (siloxane or C-
C) taking place during the processing, hence showing only 0.2% gel is fonned. 
However, excess silane that has not grafted to the polyethylene remains in the 
material, either in the fonn of small by-product molecules that are soluble in xylene or 
as free VTMOS molecules trapped in the polyethylene network structure. The 
presence of these molecules has also been detected using chlorofonn extraction 
(section 5.5.1). Sample H contains a high ratio of silane to peroxide concentration 
giving very low gel content (0.1 %), this could also be due to a high concentration of 
unreacted silane molecules that have not grafted. However, silane molecules may 
have reacted in other ways to produce by-products that are soluble in xylene. The 
increase in gel content from samples H-L with increasing peroxide concentration is 
likely to be due to an increase in premature siloxane linkages either through the silane 
grafts or siloxane linkages in by-products that represent gel. 
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Gel content was also measured on sample M (1.4%) which was higher than its 
corresponding sample H, due to an overall higher proportion of silane present. Sample 
N (15.6%) was found to contain a low gel content compared to the corresponding 
sample L (23.2%), this could be due to a high content of soluble material formed. 
Since the peroxide concentration was high, as well as direct silane grafting onto 
polyethylene, the peroxide could be reacting in other ways such as forming by-
products which are non polar and soluble in xylene. 
4.3 Silane crosslinked HDPE 
Silane grafted polyethylene samples in granular form were crosslinked. To conduct 
the crosslinking reaction, the samples were conditioned by immersing them in hot 
water in an autoclave for different times at a temperature below the melting point of 
polyethylene (90'C). Refer to section 3.3 for detailed description of procedure. The 
crosslinking was achieved without the presence of a catalyst. The samples 
conditioning time in water was subsequently 2 hours and 24 hours. 
4.3.1 Crosslinking and solvent extraction 
Crosslinking reactions proceed in a way that the hydrolysis and subsequent 
condensation reactions of the methoxysilane (Si-O-CH3) groups with water begin 
initially on the surface of the sample. This is then followed by diffusion of the water 
that is liberated from the previous condensation reactions to migrate into the sample. 
The direction and driving force of the water diffusion into the samples are apparently 
dependent on the concentration of water. The higher concentration of water can give a 
higher driving force of the water diffusion into the sample. The water that has 
diffused into the surface can then induce the next hydrolysis and condensation 
reaction of the methoxysilane groups and hence lead to crosslinking of the sample. 
With this reaction scheme a series of crosslinking reactions proceeds continuously 
until all the methoxysilane groups in the amorphous regions of the polymer are 
completely consumed and the material is fully crosslinked [30]. Therefore, longer 
conditioning time will result in more crosslinks being formed. 
The effect of conditioning time on the gel content was investigated for the crosslinked 
samples. This was determined by solvent extraction in boiling xylene performed on 
the crosslinked samples, following the procedure explained in section 3.4.1.1. 
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After crosslinking the grafted samples, swelling measurements were carried out using 
the procedure mentioned earlier in section 3.4.1.2. This was carried out on samples 
that had been cross linked for 24 hours, in order to obtain a better understanding about 
the network structure of the material such as the distribution of the crosslinks in the 
polymer matrix and an average number of these crosslinks formed. 
4.3.1.1 Gel content measurements on sHane crosslinked HDPE 
Gel content calculated on the crosslinked samples (A-N) conditioned for 2 hours and 
24 hours at 90°C is sununarised in the table 4.4. As mentioned earlier that the results 
obtained from gel content analysis showed good reproducibility of the experiment, 
with the standard deviation of ± 0.2. The table shows values of gel content averaged 
from three experiments. 
Table 4.4 Crosslinked samples conditioned for different times at 90·C 
Sample Gel content on samples Gel content on samples 
conditioned for 2hrs (%) (± 0.2) conditioned for 24hrs (%) (± 0.2) 
A 0.4 0.1 
B 14.7 29.6 
C 20.7 37.3 
D 25.0 48.2 
E 27.7 62.8 
F 32.4 66.7 
G 0.2 4.2 
H 2.0 13.3 
I 12.8 27.0 
J 15.6 35.3 
K 39.3 38.1 
L 55.8 57.6 
M 6.8 21.7 
N 30.5 74.0 
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The fo llowing figure 4.14 shows the influence of si lane concentrations on the ge l 
content for samples conditioned at 90°C for 2 hours and 24 hours. 
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Figure 4.14 Effect of VTMOS concentration on gel contcnt of silanc crosslinked 
HDPE 
From figure 4. 14 it can be clearly seen that as the si lane concentration increases from 
o to 2.2wt% and conditioning time increases from 2hours to 24hours there is an 
overall increase in the ge l content. The ge l content of samples conditioned for 24hours 
show higher values and a steeper gradient compared to those conditioned for 2hours. 
This concludes the increase in si lane concentration corresponds to an overall increase 
in gel content. The gel can be formed from siloxane linkages of si lane grafts or 
insoluble by-products that remain trapped in the materials network structure in the 
form of gel. 
The fo llowing figure 4.15 presents the influence of peroxide concentrations on the gel 
content for samples conditioned at 90°C for 2 hours and 24 hours. 
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Figure 4_15 Effect of peroxide concentration on gel content of silane crosslinked 
HDPE 
It is shown in figure 4.15, the increase in peroxide concentration (0 to 0.09wt%) and 
conditioning time results to an overall increase in gel content. [n response to the 
peroxide concentration being above 0.07wt% a maximum gel content is reached after 
2 hrs, at which point there is complete saturation of cross links fo rmed, and all the 
silane grafts have cross linked to form siloxane (S i-O-Si) linkages therefore any 
further conditioning above this concentration does not affect the ge l content. The gel 
content of sample G after conditioning for 2 hours shows very little crosslinking, and 
remains the same as that of the grafted sample (0.2%) prior to crosslinking. This 
explains that any cross links that may have fonned in the grafted samples occurred 
when the material was in the molten (amorphous) state during processing in the 
extruder. Since, crosslinking in the autoclave is in the materials so lid state (granules) 
the diffusion of the water into the material at low conditioning time will not allow 
major changes in the cross links, because there are no silane grafts on the polyethylene 
to crosslink. Moreover, the reason for the slight increase in ge l content for sample G 
(4.2%) after conditioning fo r 24hours could be because some of the unreacted si lane 
(S i-O-CH]) groups that have not gra fted onto the polyethylene but remain trapped in 
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the polyethylene network structure have formed siloxane links after 24 hours and 
therefore represent gel. 
As mentioned earlier, the crosslinking reaction begins initially on the surface of the 
material, where the grafts are present. Therefore, in this situation the water has to 
diffuse into the granule in order to reach the non-grafted Si-O-CR3 groups. This 
depends on the thickness of the material [30], the temperature, and time [116] at 
which the water diffuses into the material and reaches the desired groups. Sample R 
contains very low gel content (2.0%) irrespective of the high temperature and pressure 
applied to the material for 2 hours. The reason for the slight increase compared to the 
gel content of the grafted samples (as explained above) could be due to the excess 
silane forming further siloxane links during the conditioning in water, and is detected 
in the form of gel. The increase in conditioning time further increases gel content. 
Moreover, the increase from samples I-L is effectively due to more si lane molecules 
grafted onto the polyethylene during the processing, hence an increase in methoxy 
(Si-OCR3) groups are present which in effect are capable to form Si-O-Si linkages 
when immersed in hot water. Thus, the more gel is produced. The gel content of 
sample M after conditioning in water for 2 hours was calculated to be 6.8% and after 
24 hours of conditioning time increased to 21.7%. Whereas the gel content of sample 
N after 2 hours was 30.5% and that after 24 hours was 74.0%. This increase can also 
be explained by the above reason. 
4.3.1.2 Swelling measurements on sHane crosslinked HDPE 
Swelling measurements were carried out on samples crosslinked for 24 hours at 90°C 
in the autoclave. The crosslink density and molecular weight between crosslinks was 
calculated using the experimental procedure outlined in section 3.4.1.2. It is clearly 
understood that swelling measurements are performed on the gel present in the 
crosslinked material and not the whole material itself During refluxing, soluble 
polyethylene is dissolved into the xylene, with the insoluble gel remaining swollen in 
the solvent. In order to investigate the effect of silane and peroxide concentrations on 
the distributions of grafts and hence the nature of crosslinked network, results are 
illustrated in table 4.5 showing the calculated values of n and Mc for all the samples 
A-N. The measurements are averaged from repeating the experiment on each sample 
three times (refer to appendix All for raw data measurements). 
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Table 4.5 Crosslink density and molecular weight between crosslinks 
Samples % Gel content Weight Average Molecular weight Cross link Density 
(conditioning Molecular Weight between crosslinks n (moIlkg) 
for 24hrs) (Mw) (glmol) Mc (glmol) 
Varying silane concentration 
A 0.1 120,000 55,000 9.05 x 10" 
B 29.6 173,000 175,700 2.88 x 10'> 
C 37.3 181,500 88,000 5.68 x lO,j 
D 48.2 173,000 73,000 6.49 x 10" 
E 62.8 163,000 69,000 7.39 x 10'> 
F 66.7 160,000 56,000 8.99 x lO'j 
Varying peroxide concentration 
G 4.2 104,000 61,500 8.63 x 10" 
H 13.3 125,500 126,000 4.09 x lO'j 
I 27.0 143,000 96,800 5.17 x lO'j 
J 35.3 151,000 88,800 5.63 x 10" 
K 38.1 175,000 51,000 9.97 x 10" 
L 57.6 182,500 46,000 10.81 x 10" 
Double silane and peroxide concentrations 
M(Hx2) 21.7 114,000 49,300 11.16 x lO,j 
N(Lx2) 74.0 137,000 30,500 16.39 x 10" 
Figure 4.16 illustrates the effect of silane concentration on the crosslink density for 
crosslinked polyethylene (samples A-F) material, and figure 4.17 shows the 
relationship between % gel content and Mc with varying silane concentration. 
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Figure 4.16 Effect of silane concentration on crosslink density for silane 
crosslinked HDPE 
From figure 4.16 it can be seen that an increase in silane concentration shows a 
systematic increase in crosslink density. This implies that with an increase in silane 
there is an increase in crosslinking points along the polyethylene backbone, which 
could be either silane grafts or C-C polyethylene cross links. The silane grafts can be 
crosslinked after conditioning in water for a given time, therefore, with an increase in 
grafts there is an increase in the number of siloxane linkages and in effect an increase 
in crosslink density. 
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Figure 4.17 Relationship between % gel content and Mc with varying silane 
concentration for silane crosslinked HDPE 
From figure 4.17 it can be seen that for sample A the Mc (55,000) value indicates 
evidence of cross linked points. However, compared to the Mw of base polyelhylene 
(120,000) it is assumed a loose network is formed, with a few C-C crosslinks present. 
This is supported with the low gel content (0.1 %) measurement, because some C-C 
cross linked chains formed could also be soluble in xylene, hence giving low ge l 
content. The increase in gel content above l.4wt% silane concentration corresponds to 
a decrease in Mc. Overall il can be concluded that as silane concentration increases 
there is an increase in silane grafts onto polyethylene that form siloxane linkages, an 
increase in n, results in an increase in gel content, and hence a decrease in Mc_ 
The same procedure was applied to samples G-L for which peroxide concentration 
was varied. Figure 4.18 illustrates the effect of peroxide on the crosslink density and 
figure 4.19 shows the relationship between % gel content and Mc for samples with 
varying peroxide concentration. 
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Figure 4.18 Effect of peroxide concentration on crosslink density for silane 
cross linked HOPE 
Figure 4.18 shows the results obtained for cross link density measurements follow a 
linear relationship with increase in peroxide concentration. 
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Figure 4.1 9 shows that sample G without peroxide contains low gel content (4.2%) 
and Mc (61 ,500). The gel content, as explained earli er could be due to un reacted free 
silane molecules that have crosslinked in water at a high temperature, for a long 
period of time fomling s ilane homopolymers. Therefore the homopolymers consist of 
cross link points. An increase in peroxide concentration from 0.0 I 0 to 0.090wt%, 
corresponds to an increase in gel content from 13.3 to 57.6% and a decrease in Mc 
from 126,000 to 46,000 glmol. There is not much difference between the Mw of the 
samples and Mc values; thi s also suggests a loose network structure is formed during 
the processing of the grafted material. Overall it is concluded that with an increase in 
perox ide concentration, there is an increase in radica l sites on the polyethylene 
backbone, therefore increasing the number of silane grafts. Moreover, an increase in 
cross links are fomled with these grafts, hence an increase in crosslink density, which 
results in the gel content to increase and therefore a decrease in Mc. 
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4.4 Conclusions 
Effects of silane and peroxide content on grafting and crosslinking of HOPE have 
been investigated. The skeletal outline below illustrates the main characterisation tests 
performed on the si lane grafted HOPE samples to gain a clear understanding about 
the overa ll structure and behaviour of the modified material. 
DSC test •• __ _ VTMOS grafted polyethylene samples __ .. ~ MFI test 
Grafted samples cross linked in an autoclave 
Insoluble fraction Soluble frac tion Insoluble fraction 
! ! 
Gel content Remains in solvent 
measurements using (xylene) using soxhlet 
soxhlet extraction extraction 
! 
Swelling measurements 
! 
Gel content 
measurements using 
soxhlet extraction 
Soluble action 
! 
Molecular weight 
measurements using 
GPC test 
Cross li nk density (n) Molecular weight between crosslinks (Mc) 
(average number of crosslinks) 
Mc 
Figure 4.20 Skeletal outline of characterisation tests performed on silane grafted 
and erosslinked HDPE material 
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Siltm e grafted HDPE 
DSC experiments carried out on the base polymer (Rigidex 4017) and the si lane 
grafted HOPE samples monitored the crystallinity and melting behaviour of the 
material. The results in table 4.1 show an insigni ficant variation in % crystall in ity and 
melting temperature (Tm) of sil ane grafted polyethylene samples (A-L). However, 
overall the % crysta llinity is lower than that of the base polymer. From thi s it can be 
proposed that grafting of silane or alternative reactions such as po lyethylene 
branching of C-C cross links only slightly affect the crystal growth of the crystalline 
regions. Hence these branches are situated ma inly in the amorphous (non-crystalline) 
phase and in the surface regions of the crystallites. 
The Melt Flow lndex (MFI) resu lts are in accordance with those of molecular weight 
(Mw). As mentioned earli er there is an indirect relationship between Mw and MFI of 
a material. This can be clearly illustrated llsing fi gures 4.9 and 4. 10 showing a 
systematic increase in Mw and a decrease in MFI, this applies to samples A-F with 
increasing si lane concentration from Owt% to 2.2wt% and samples G-L with 
increasing peroxide concentration from Owt% to 0.09wt%. The relationship reflects 
the changes in grafti ng and hence branching during the processing of the material 
which influences both the flow properties and mo lecular weight of the material. 
The gel content results prior to crosslinking are also in accordance with the Mw and 
MFI of the si lane grafted samples. The relationship between MFI and gel content with 
varying silane and peroxide concentration can be seen clearl y from the fi gures 4.2 1 
and 4.22. 
120 
CHAPTER FOUR RESULTS AND DISCUSSION 
8 
7 
6 
~ 
.: 5 
S 
Q 
~4 ~ 
.... 
~ 3 
2 
1 
o 
-
--- /51 (9/1 Omn) 25 
"" 
-+- % Gel content 
-
~ /- 20 
- ~ / 
-
~ V 
-
X ~ -
-
/ -
/ - 5 
-/ 
, , o 
o 0.5 1 1.5 2 
VTMOS concentration (wt%) 
Figure 4.21 Effect of silane concentration on the gel content and M.FI of silane 
grafted HDPE 
25 r-----~======~----------------------_r 25 
--MFI (9/1 0min) 
-+- % Gel content 
20 ·I----':=====---------------------/~-~ 20 
~ ~ 
.~ 151----~~--------------------_,~---------~ 15 ~ e ~ 
= § 
~ y 
- <l (.') ii 10J-------------4 c------------,L----------------I· 10 t. 
5 ·r-----~-----~~~-------+5 
O ~--~--~--~--~--~----~--~--~--~ O 
o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 
Peroxide concentration (\\1%) 
Figure 4.22 Effect of peroxide concentration on the gel content and MFI of silane 
grafted HDPE 
12 1 
CHAPTER FOUR RESULTS AND DISCUSSION 
From the data obtained it can be proposed that initially there is very little gel observed 
for samples with low concentrations of silane and then increases (due to premature 
silane cross links forming siloxane linkages during the processing of the grafted 
material in the presence of trace amounts of water and oxygen), whereas the Mw 
decreases, since molecular weight measurements corresponds to only the soluble 
fraction of the material. An increase in MFI is due to the slip effect promoted by the 
excess si lane, which allows the material to become more dilute, hence less viscous 
and in effect flow easily. In this study, the silane concentration lower than 1.8wt% 
shows an inverse relationship between gel content and MFI, while silane 
concentration above 1.8wt% shows a direct relationship. The latter could be due to the 
fonnation of by-products detected as measurable insoluble material (gel), or perhaps 
the increase in silane grafts fonned during processing have prematurely crosslinked. 
With an increase in peroxide concentration the results have shown an increase in Mw 
and a decrease in MFI. The results of gel are also in accordance with MFI, with the 
MFI values decreasing systematically, and the gel content increasing (inverse 
relationship) as the peroxide concentration increases. At low levels of peroxide 
concentration, a low level of gel is observed, and a decrease in MFI can be clearly 
seen. This is because when the material is compounded at high temperatures in the 
melt, this causes the decomposition of peroxide, generating free radical sites on the 
polyethylene backbone. These radical sites allow grafting of silane molecules onto 
polyethylene or other side reactions such as C-C linkages to occur with polyethylene 
chains, this effectively increases chain branching hence corresponding to the increase 
in Mw and an increase in gel content of the material. Since the sole purpose of the 
peroxide is to initiate the grafting reaction which in effect causes a decrease in the 
materials flow. This is also supported by the finding reported by Sirisinha and 
Meksawat [84], who investigated the crosslinking of metallocene ethylene-octene 
copolymer (EOR) prepared using silane (VTMOS) and DCP initiator. Even though 
the material was crosslinked, it appeared to show a similar trend to the findings of this 
study. 
Palmlof and coworkers [32] carried out a study on ethylene vinyl silane copolymers 
showed the same effect on molecular weight with increase in gel content. Fabris et al. 
[122] carried out a study on modification ofLDPE with VTES, which again showed 
the same effect on molecular weight as the VTES concentration increased. 
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Silane crosslinked HDPE 
Gel content on silane grafted samples that have been cross linked for 2 hours and 24 
hours and swelling measurements carried out on samples crosslinked for 24 hours 
show a relationship. 
For samples with increase silane concentration from Owt% to 2.2wt% and an increase 
in conditioning time from 2 to 24 hours there is an increase in gel content. Therefore, 
all the silane grafted sites have cross linked to form siloxane (Si-O-Si) linkages. 
Samples with varying peroxide concentration show the same trend. The gel content 
increases with an increase in peroxide concentration and also increases with 
conditioning time. For peroxide concentrations above O.07wt% the maximum gel 
content is reached after 2 hrs, at which point there is complete saturation of crosslinks 
formed, and all the silane grafts have crosslinked to form siloxane (Si-O-Si) linkages 
therefore any further conditioning above this concentration should not increase the gel 
content. 
The swelling measurements evaluated using the Flory-Rehner equation on the grafted 
samples (A-N) that were crosslinked for 24 hours show that increase in gel 
corresponds to an increase in crosslink density and a decrease in molecular weight 
between crosslinks. This data correlates well with insignificant changes observed in % 
crystallinity for the silane grafted samples; in relation to Mc values (slightly different 
to the Mw of the grafted samples) it is assumed the network structure could to be 
loosely arranged. Therefore, this explains the reason for % crystallinity to appear only 
slightly lower compared to the base polyethylene, hence not affecting the crystal 
growth. Moreover, it implies that the grafts/crosslinks are widely distributed in the 
amorphous regions of the polymer matrix, which also contributes to the insignificant 
changes in the Tm of the silane grafted samples. 
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CHAPTER FIVE: RESULTS AND DISCUSSION 
QUALITATIVE AND QUANTITATIVE FTIRANALYSIS: 
EFFECT OF SILANE AND PEROXIDE 
CONCENTRATION ON SILANE GRAFTED HDPE 
5.1 Introduction 
In this chapter the experimental work carried out on the silane grafted polyethylene 
samples processed in the twin screw extruder (as discussed in chapter four) will be 
presented. FTIR spectroscopy is a well established technique and can be used to 
investigate the chemical and structural changes in a material. It is most widely used 
for determining degree of grafting both quantitatively and qualitatively 
[8,73,81,82,85,86,124]. The effect of silane and peroxide concentration on the extent 
of grafting was studied using both qualitative and quantitative FTIR analysis. It was 
used to confirm that grafting was successful in the processed samples. Also the 
percentage of reacted (saturated) and umeacted (unsaturated) silane was calculated by 
an FTIR quantitative method developed using the samples processed in the extruder. 
Further quantitative analysis was carried out from another angle to understand how 
the silane is behaving during the processing of the material. Moreover, investigations 
were carried out on the silane grafted samples extracted with chloroform using a 
soxhlet extraction system. Analysis using FTIR was performed on the extracts to 
understand further the mechanism of reactions occurring during the processing stage. 
5.2 Qualitative FTIR analysis 
Qualitative analysis was performed on the silane grafted material to illustrate the 
effect ofsilane and peroxide concentrations on the characteristics of poly ethylene. 
5.2.1 Evidence of sHane grafted on polyethylene 
Silane grafted polyethylene granules (samples A-N) were characterised using an FTIR 
spectrometer. The concentration of silane and peroxide was varied to investigate how 
this corresponds to chemical changes in the grafted material. To ensure that si lane 
grafting had occurred during the processing, FTIR spectroscopy was performed on 
both the base HDPE and the modified HDPE. 
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Samples A-F were reacted with various amounts of silane (Owt%-2.2wt%) and 
constant peroxide concentration at O.05wt%. Samples G-L were reacted with various 
peroxide concentrations (Owt%-O.09wt%) and constant silane concentration at 
1.8wt%. Also samples M and N reacted with 3.60wt% silane, O.020wt% peroxide and 
3.60wt% silane, 0.180wt% peroxide respectively. The spectra of all the silane grafted 
polyethylene samples are compared in Fig 5.1(a) (b) and 5.2 (a) (b) indicating the 
region where there is a variation in the samples. 
Micropol Ltd use FTIR on the grafted material they process to confirm that the silane 
has grafting successfully. 
The main peak assignments in VTMOS and HDPE can be seen in the table 5.1 below. 
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Table 5.1 Peak position assignments [19,72,74-80) 
Wavenumber (cm-I) Group Remark 
1192 Si-O-C O-CH3 rocking vibration 
1092 Si-O-C O-C stretching vibration of reacted or 
unreacted silane 
1009/992 CH2=CH-Si Vinyl chain group 
1087/1020 Si-O-Si Si-O-Si vibration 
1130-1000 Si-O-Si Si-O-Si asymmetric stretching 
815 Si-CH Si-CH stretching 
771-795 Si-CH Si-CH rocking 
1367 C-CH2 Symmetric bending of C-H bond 
1445-1465 C-CH2 CH2 wagging (asymmetric bending vibration) 
710-730 C-CH2 CH2 rocking vibration 
2850 CH2 Symmetric C-H stretch 
2919 CH2 Asymmetric C-H stretch 
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It can be seen from figures 5. 1 and 5.2 that the main variation is in the regions that 
silane absorbs radiation. These are expressed clearl y at 1092, 11 92, 773, 814 and 
1009cm-l . Figures 5.3 and 5.4 below demonstrate the reproducibility of the si lane 
grafted polyethylene material showing samples with double concentrations. The 
spectra shows clearl y the intensity and shape of the peaks are approximately double 
with double the concentrations. 
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Figure 5.3 FTIR spectra of silane grafted HDPE samples H and M 
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From figures 5. 1 and 5.2 it can be seen that for the HOPE and sample A with no 
si lane and onl y peroxide there are no absorption peaks observed at 1 092cm· l , Il 92cm-
I and - 800cm-1 region. However, these peaks become apparent in spectra B-L 
showing strong characteri stic absorption peaks that are assigned to the silane carbon 
bonds, Si-CH at 773cm-1 and 8 l4cm·1 and absorption peaks at I I 92cm-1 and I092cm-1 
characteri stic of the methoxy groups Si-O-CH) and any hydrol ysed (Si-OH) or 
siloxane cross link (S i-O-Si) groups that are fomled during the extrusion. Also, the 
presence of the vinyl group in si lane appears in the curves B-L, changes of shape in 
the 800cm-1 region indicating that si lane grafting reactions have occurred. Figures 5.3 
and 5.4 clearly indicate that the shape of the mai n peaks that appear in the grafted 
samples are reproducible showing twice the intensity with double the concentrations. 
The peak intensiti es in samples A-F at I092cm-1 and ll 92cm-1 start to increase, this 
corresponds to an increase in the quantity of Si-O-C bonds because more si lane is 
present. However, the increase in peak intensities of sanlples G-L is due to other 
factors (as discussed later in section 5.3. 1). 
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5.3 Quantitative FTJR analysis: PART ONE 
The peaks at 1092cm-1 and 11 92cm-1 were used to measure the relati ve amount of 
silane grafting (R) [3 1,32,40,73,85,86,125]. This was determined by measuring the 
area of the absorption peaks of the Si-O-CH3 groups and calculating the ratio of these 
peaks with respect to Ihe absorbance peak at 7 19cm-1 due to (-CH2-)n that is chosen to 
be the internal reference of the polyethylene (remains unchanged during the grafting 
reactions) [73,86]. 
R=A1on OR A tln/A719 
FTIR was also used to observe and investigate the changes in the peaks around the 
800cm-1 region where the silicone groups also absorb, attri buted respectively to the 
vibration modes of the Si-CH group from si lane (CH2=CH-Si-(OCH3h). Apparently a 
single peak at - 800cm- 1 indicates a degree of grafting and two peaks (doub let) at -
800cm-1 indicates the presence of free si lane, the silane has not grafted correctly onto 
the polyethylene [74]. 
Studies [47,8 1] have been reported usmg FTrR spectroscopy, where qualitative 
analysis was used to identify the main peaks that are characteristic for the alkoxy 
groups (Si-O-C) and to quantitatively determine the effect of silane and peroxide on 
the extent of si lane grafting reactions. Other characterisation techniques were also 
used for grafti ng analysis. However, detailed quantitative studies in the 800cm-1 
region have not been carried out on the si lane grafted HDPE. 
5.3.1 Relative amount of silane 
For san1ples A-F, with varying concentration of si lane, the relationship between silane 
and R can be seen in Fig 5.5 and Fig 5.6. 
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The results show that as the si lane concentration increases there is an increase in the 
quantity of Si-O-CH] groups. However, accord ing to the Beer Lambert Law A=Ecl 
this graph should be linear. Assuming all the silane reacted for the sample material 
with the lowest concentration of silane, a constant was calculated where 
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AI = c lC I 
A, C 2 C 2 
RESULTS AND DISCUSSION: PART ONE 
In this case AI corresponds to absorbance peak ratio value (R) for 
A, 
a given sample and Cl corresponds to concentrations of silane (Cl) with respect to 
C, 
concentration of polyethylene (C2). Since C2 is constant for a ll the samples, therefore, 
A I = K • C in which k was to be considered as a constant for a ll the samples in the 
A 2 I 
seri es. The theoreti cal R val ues for the other grafted samples was calculated 
accordingly using AI = K • C and Cl being the concentration of silane for that A, I 
particu lar sample. From the results the difference between the theoretical and actual 
(ca lculated directly from FTLR spectra) R values showed that there is a loss in silane 
during the processing of the samples. 
These methoxysi lane peaks were selected as they show the strongest absorbance 
peaks however, the peak at L092cm- 1 is not very re li able since it is also characteristi c 
for the absorbance of the siloxane Si-O-Si groups that may foml during the processing 
stage due to small traces of moisture from the atmosphere or in the presence of 
oxygen (oxidative silane crosslinking reactions) (73]. This wi ll therefore influence the 
absorbance va lues ofSi-O-CH3. 
For samples G-L, the relationship between varying peroxide concentration and R can 
be seen in Fig 5.7 and Fig 5.8. 
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As fo r the fi rst series of grafted samples (A-F), FUR spectroscopy was performed on 
samples G-L. From the results ( figures 5.7 and 5.8) it can be seen that there is also an 
increase in the relative amount (R) of silane with an increase in peroxide 
concentration although the si lane concentration is constant. Initially with low 
concentration of peroxide (samples G and H) R is lower than the R value with an 
average si lane and peroxide (sample D) from the first series o f samples. This is due to 
a loss of si lane by volatilization, whereas with higher concentrations of peroxide (J, K 
and L) there is no loss, as a result all the silane may have reacted instantly. The 
absorbance peak ratio at I092cm·1 and I I 92cm·1 for samples H, M and L, N can be 
compared as a ratio of silane to peroxide concentration. This is illustrated in figure 
5.9. 
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It can be seen clea rly from figure 5.9 that samples M and N result in approximately 
doubled absorbance peak ratio values with concentrations of si lane and peroxide 
doubled. This highlights the reproducibility of the silane grafted materials. 
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The increase in R can also be parlly attributed to an overlap of Si-O-CH3 groups and 
Si-O-Si groups at IOncm-1 and Si-O-CH3 groups with Si-OH groups at ll ncm-I . 
Therefore with a constant concentration of sil ane some o f the Si-O-CH3 groups have 
formed Si-O-Si or Si-OH groups, showing an increase with an increase in peroxide 
concentration. This overlap can be seen clearly in Fig 5. 10 and 5.11 below displaying 
FTlR spectra ofa grafted and a crosslinked polyethylene sample from both series. 
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Studies [40] using FTIR have been carried ou t to measure the amount of si lane grafted 
onto different grades of poly ethylene HOPE, LDPE and LLOPE. It was proposed that 
the absorption peak at I092cm-1 that corresponds to the Si-O-C stretching vibration of 
the si lane group is related to the silane grafted onto the polyethylene. From the study 
it was concluded that LLDPE and LOPE have simi lar amounts of si lane grafting 
wh ile HDPE has a much lower silane grafting efficiency. Overall few studies have 
been done on VTMOS grafted HDPE. However, studies [30] that have been carried 
out on LOPE show that peaks present at 1092cm-1 and I I 92cm-1 are assigned to 
functional groups Si-O-CH3 and are attributed to si lane grafted onto the polyethylene. 
There is a relati ve increase in the ex tent of si lane grafti ng with an increase in si lane 
concentration . 
5.3.2 Subtraction of silane grafted HDPE 
An ana lysis method was developed to quanti fy the percentage of reacted and 
unreacted si lane on the polyethylene using two absorption peaks in the 800cm-1 region 
of the FTIR spectrum of each grafted sample. FTIR was used to observe and 
investigate the changes in the peaks around the 800cm-1 region where the silane Si-
CH groups absorb. A single broad peak at - 800cnf l due to Si-CH indicates efficient 
grafting and two peaks (doublet) at 77 l cm-1 and 8 14cm-1 attributed respectively to the 
unreacted Si-CH=CH2 rocking and stretching modes indicate the presence of free 
si lane, where the silane has not grafted correctl y onto tile polyethylene [37]. The 
In frared spectrum of sample H showing doublet peaks was subtracted from that of 
sample L showing a broad single peak (as seen in Figure 5.2 (b) and Fig 5.12), this 
was done in an attempt to remove unreacted silane. Also, to confirm that the 
subtraction approach was valid it was repeated where sample G with a double peak 
was subtracted from sample L. Both subtractions showed the same outcome. 
As a result of the subtractions it was noticed that two peaks at 795cm-1 and 833cm-1 
remained as seen in figure 5.13. These are related to fully reacted silane. A double 
peak at 795cm-1 and 833cm-1 was also tile resu lt when subtracting sample M !Tom 
sample N. This also confirmed the subtraction method was valid and so further 
investigations were performed. 
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Therefore, it was concluded that when polyethylene is reacted with silane a broad 
single peak is composed of a possible total of four peaks that overlap with each other 
(two peaks contributing to the unreacted silane and two peaks fo r the reacted silane). 
This can be seen in Figure 5.14. 
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5.3.3 Calibrations using model compounds 
Unreacted VTMOS-Sample 
Reacted VTMOS-Sample L 
Reacted VTMOS (Subtracti( 
I~ 
1 
760 
Calibration graphs were prepared using the standard solutions of VTMOS and 
octyltrimethoxysi lane (used as a model compound for a fully reacted sample) 
[72,126]. Standards were prepared in THF for both the VTMOS and 
octyltrimethoxysilane from which calibration graphs were developed in order to 
calculate absorption coefficient values for the absorption peaks (refer to appendix 
A 12-A 13 for concentration dilutions and measured peak heights). The two absorbance 
peaks in the region of interest (800cm-1 region) for VTMOS are 77 lcm-1 and 814cm-1, 
while octyltrimethoxysi lane has a broad peak from 795cm-1 to 833cm- 1, as seen in 
figures 5.15 and 5.16, which show expansions of the 800cm-1 region inset 
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The peak heights fo r the maximum peaks were used in both the VTMOS (8 14cm-l) 
and octyltrimethoxysi lane (795cm-l) and were measured using the FTlR software to 
construct the ca libration graphs. Integration was carried out within the 
trimethoxysilane wavenumber windows 750-800cm-l and 800-850cm-l, and the 
maximllm peak heights were measured for the absorbance peak with the maximum 
in tensi ty. The intensity of the absorption peak depends on the number of molecules, 
functiona l groups or nuclei giving ri se to that absorption. Accordingly it must depend 
on the concentration of that species, since certain types of bonds absorb di fferen t 
amounts of incident radiation that pass through the samples from the source of 
radiation . It is the relationship between the absorption which is proportional to the 
concentration and various factors that gives the Beer-Lambert Law [1 27). Any 
interference between the reacted and unreacted VTMOS at 814cn,- l, and at 795cm-l 
was noted. Figure 5.15 shows that no significant absorption occurred at 795cm- l in the 
VTMOS standard spectrum. Therefore there is no interference between the peak at 
795cm-l and the unreacted peak at 814cm-l. As a result of this, the peak height at 
795cn,- l can be used to monitor the concentration of reacted VTMOS directly. 
Octyltrimethoxysilane shows a broad peak in the 800cn,-l region as shown in figure 
5_16, therefore similar absorbance is observed at 795cm-l and 814cm-l. Figures 5.17 
and 5.18 show the calibration graphs constructed for VTMOS and 
octyltrimethoxysi lane. 
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Using the Beer-Lambert Law ( A = Eel) [ 108) the extinction coefficient was calculated 
for the absorbance peaks at 795cm-1 and 814cm-1 for both the VTMOS and 
octyltrimethoxys ilane. The absorbance at 795cm-1 will contribute only to the reacted 
VTMOS at 795cm-1 whereas the absorbance at 814cm-1 corresponds to both the 
reacted and un reacted VTMOS at 8 14cm·l . 
Extillctioll coefficiellt for VTMOS 
Gradient 
13.17 
13 .1 7 
0.05 
= & 8 14 U 
& 814 U = 263 .40 wt % - 1 mm - I 
Extillctioll coefficiellt for octyltrimet"oxysilulle 
A 795 R = &795 RC RI 
Am I 
- - = li795 R · CR 
Gradient = li795 RI 
3.13 = li795 RI 
3.13 
---li 0.05 - 795 R 
li795 R = 62.59 wt % - I mm - I 
liSI4R '" li795 R 
So the li value for 8l4cm·1 and 795cm -I are the same 
The extinction coefficient value for the VTMOS, absorbance peak at 814cm-1 was 
found to be 263.40wt%·1 mm-I. 
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The ex tincti on coefli cient values for the octy ltrimethoxysilane, at both wavelengths 
795cm' I and 8 14cm,I were ca lcul ated to be 62.59wt%'l mm' l. 
5.3.4 Method established 
Further calculations were done to establish a method that was used to obtain the 
concentration o f reacted and unreacted s ilane in a sample processed in the ex truder, 
which would be applicable to any VTMOS grafted HDPE samples processed in the 
ex truder. 
Taking into account both the absorbance peaks at 795cm' I and 814cm· l, the following 
applies. 
A 795 = E 795 .C.' + [; 795 U C u i 
A' 14 = [; SI • • C. I + E ' 14 U C U , 
(5.1) 
(5.2) 
There is no absorbance at 795cm·1 for the VTMOS, which has a zero contribution. 
There fore the fo llowing equations 5.3 and 5.4 apply. 
(5.3) 
(5.4) 
Where CR = Concentration reacted s il ane and Cu = Concentration unreacted s i lane 
After dividing equation 5.3 by equation 5.4 to eliminate I (thi ckness), and substituting 
the calculated values for extinction coeffi cients it can be shown that 
A 795 = 62 .59 C. 
A' 14 = 62. 59C. + 263 .40Cu 
(5.5) 
~ 1 
= (5.6) A 8 14 263 .40 C u 1 + 
62 .59 C • 
A 79S 
= (5.7) 
A 814 1 + 4 .2 £iL. 
C • 
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Even if VTMOS was lost during Ihe processing of the samples it did nOI affect the 
calculated % concentration of reacted and unreacted VTMOS in the grafted samples, 
since concentration ratios are used in equation 5.7. 
Equations 5. 1 to 5.7 were used to calculate the concentration of reacted and unreacted 
VTMOS in the silane grafted polyethylene samples processed in the extruder. 
Rearranging equation 5.7 . 
where X 
Therefore 
= A 795 
A 814 
Cu = nC R 
1 - X 
where n = ---
4.2X 
(5.8) 
(5.9) 
Then substituting equation 5.9 into equation 5.8 and rearranging to calculate the final 
equation. 
1 
=--- (5.10) 
Equation 5.10 was applied to all the samples processed in both series (samples A-N) 
to calculate the concentrations of reacted and unreacted VTMOS. 
Table 5.2 shows the ratio of the two peak heights and Figure 5.1 9 illustrates tbe 
relationship between the percentage concentrations of reacted and unreacted VTMOS 
with varying silane concentration. Figure 5.20 displays the relationship between the 
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percentage concentrations of reacted and unreacted VTMOS with respect to peroxide 
concentration. 
Table 5.2 Ratio of absorbance peaks in silane grafted HDPE samples 
X 
Sample A 795cm·'/A814cm·' 
/\ • 
B 0.6 1 
C 0.82 
D 0.97 
E 0.88 
F 0.72 
G 0.36 
H 0.40 
I 0.69 
J 0.84 
K 0.92 
L 1.1 0 
M 0.63 
N 1.1 2 
C II = Concentration of reacted silane 
Cu= Concentration of un reacted silane 
Cu %CR 
• • 
0. 15CR 87.0 
0.05CI\ 95.2 
0.007CR 99.3 
0.03CR 97.1 
0.091CR 91.7 
0.42CI\ 70.4 
0.36CI\ 73.5 
0.106CR 90.4 
0.043CR 95.9 
0.022CR 97.8 
O.OCR 100 
0.14CR 87.7 
O.OCR 100 
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From this it can be concluded that as Ihe concentration of silane increased from 
1.4wt%-1. 8wt% there is an increase in reacted silane which can be explained by the 
fact that as the si lane increases there is an increase in the amount of si lane reacted and 
attached to the radical sites on the polyethylene backbone. These rad ica l sites are 
generated prior to the peroxide decomposing and abstracti ng hydrogen atoms from the 
polymer backbone. A max imum is reached at a concentrat ion of 1.8wt% si lane when 
the amount reacted is 99.3%. This is then followed by a decrease in % reacted silane 
with an increase in silane concentration of 1.8 to 2.2wt%. The concentration of 
peroxide remains constant and excess unreacted silane is present. This can be 
explained by the fact that there is excess s ilane that may not have reacted and 
therefore, the concentration of reacted si lane with respect to thi s excess si lane 
decreases. 
From the second series of samples where the perox ide concentration was varied from 
Owt%-0.09wt% the results show that there is an increase in reacted silane until a 
plateau is reached. This can be explained by the fact that as the peroxide 
concentration increases there is an increase in radical sites generated on the 
polyethylene backbone; thi s in effect results iD an increase in si lane reacting onto the 
sites hence causing an increase in the reacted silane. 
During the process ing of the silane grafted polyethylene samples it should be taken 
into account that some silane is lost by volatilization or by remaining on the sides of 
the barrel. 
5.3.5 Unsaturation content of silane 
The degree of unsaturation is usually expressed in terms of the double bonds (vinyl 
bond) in the VTMOS molecule. Using FTIR analys is the change in unsaturation 
content in both seri es of gra fted samples was calculated. This was deternlined by 
measuring the area of the absorbance peak of the CH2=CH group in the VTMOS at 
1009cm·1. The ratio of thi s peak with respect to the polyethylene peak at 719crn·1 
(internal reference peak) was calculated. Each sample was repeated three times and an 
average was obtained. In figure 5.2 1 below it can be seen clearly how the unsaturation 
content of the si lane varies with increase in the silane concentration. Also fi gure 5.22 
shows the change in unsaturation in VTMOS with respect to peroxide concentration. 
These results are consistent with those in fi gures 5. 19 and 5.20. 
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Figure 5.21 shows that initially as the silane concentration increases there is a 
decrease in the unsaturation content of the silane, this is because there is an increase 
in reaction taking place and since the reaction occurs via the vinyl group of the silane 
monomer (CH2=CH-Si(OCH3)3) unsaturation decreases. The increase in unsaturation 
as the silane concentration increases further is because the samples above 1.8wt% 
silane contains an excess of silane that does not react with the polyethylene. 
In the second series of grafted samples figure 5.22, where the peroxide concentration 
was increased there is a steady decrease in unsaturation content, because there is an 
increase in radical sites that have been generated, resulting in more silane grafts being 
fonned. 
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5.4 Quantitative FTIR analysis: PART TWO 
As mentioned earlier in section 5.3.1 the increase in relative amount of silane (R) 
calculated for the grafted samples is attributed to an overlap of Si-O-CH3 
(alkoxysilane) groups and Si-O-Si (siloxane) groups at 1092cm-1 and Si-O-CH3 
groups with slightly visible Si-OH (alkoxy hydrolysed) groups at 1192cm-1• This 
overlap is illustrated clearly in Fig 5.10 and 5.11 displaying FTIR spectra of a 
VTMOS grafted and a crosslinked polyethylene sample from both series. Following 
this conclusion further quantitative FTIR analysis was applied in this region of 
interest to establish a method that will allow the determination ofthe concentration of 
Si-O-CH3 and Si-O-Si groups in the samples. As explained in section 3.4.5.2, 
. concentration standards were prepared for both VTMOS in Nujol-mineral oil (used as 
a model compound with fully saturated Si-O-CH3 groups at absorbance peaks 
1092cm-1 and I I 92cm-1) and PDMS in chloroform (used as a model compound with 
fully saturated Si-O-Si groups at absorbance peak 1092cm-1). The same approach was 
used as for the quantitative analysis in section 5.3 (part one) for which a method was 
established. In this case extinction coefficients were also calculated using the 
calibration graphs, for the groups (Si-O-CH3 and Si-O-Si) absorbing at 1092cm-1 and 
I I 92cm-1• However, even though a detailed study was attempted it was revealed that 
there are intermolecular and intramolecular reactions between the compounds and the 
solvents used to prepare the standards. These reactions cause deviations in the 
absorptivity values of the specific vibrating chemical bond; this deviation affects the 
ability for the vibration to absorb infrared radiation as the immediate surroundings of 
the chemical grouping giving rise to that vibration change significantly in character 
[128]. Hence, this results in errors for quantitative calculations, which are mainly due 
to a difference in absorptivity of the groups of interest in the raw materials compared 
to those in the processed samples. Refer to appendix (section A14) for raw data and 
calculations that have been carried out for this analysis. 
In accordance with the above findings another route was taken to understand the side 
reactions that are likely to be occurring during the processing ofthe grafted material. 
Referring to the FTIR spectra (appendix AI5 and A16) ofVTMOS and PDMS it can 
be seen clearly that for Si-O-CH3 groups in VTMOS there is absorbance at frequency 
1092cm-1 and 1192cm-1 whereas for PDMS only absorbance at 1092cm-1 appears to 
be present. This can also confirm that the overlap at 1092cm-1 is clearly due to both 
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Si-O-CH3 and Si-O-Si groups, and the absorbance peak at 1 1 92cm-1 is due to only the 
Si-O-CH3 group. 
Quantitative analysis was carried out on the two absorbance peaks at 1092cm-1 and 
ll92cm-1• This was done by calculating the ratio of the peak areas for the individual 
peaks on all the grafted samples, giving a concentration ratio value of the Si-O-Si 
groups present in the grafted samples with respect to Si-O-CH3. 
Table 5.3 below shows the area of absorbance values and the ratio of the two peaks 
for all the silane grafted samples and the VTMOS. 
Table 5.3 Absorbance peak ratio for silane grafted HDPE and VTMOS 
Sample Absorbance area Absorbance area at Ratio 
at lO92cm-1 1192cm-1 lO92cm-1/1192cm-1 
A X X X 
B 6.89 1.03 6.72 
C 6.09 0.83 7.31 
D 5.97 0.91 6.58 
E 6.12 0.94 6.49 
F 7.54 L16 6.51 
G 3.85 0.42 9.25 
H 3.76 0.45 8.39 
I 4.14 0.56 7.39 
J 5.88 0.90 6.53 
K 6.42 0.97 6.59 
L 5.75 0.87 6.64 
M 6.41 0.95 6.75 
N 12.32 1.95 6.32 
VTMOS 18.06 2.88 6.28 
From the table it can be seen that the absorbance area at 1092cm-1 in the VTMOS is 
6.28 times greater than that of the absorbance area at l192cm-1• This can also be seen 
from the VTMOS spectrum in the appendix (A15). The multiplying factor is therefore 
applied to all the grafted samples on which the calculations are carried out. Implying 
that; 
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True area of Asi-O-Si = A 1092 - A 1192 X 6.28 (5.11) 
Therefore, since the total area of A Si-O-CH, appears at 1192cm-I, calculating the 
area ratio ofSi-O-Si with respect to Si-O-CH3 will compensate for thickness. 
Ai-o-Si _A __ 1_09_2_-~A'-!.ClJ9"-2 _,_6_._2_8 
Area = Area 
Ai-O-CH, A 1192 
= Area A 1092 - 6.28 
A 1192 
Were A corresponds to Absorbance. 
(5.12) 
(5.13) 
Using the above equations (5.11-5.13), ratio values shown in table 5.3 were 
substituted into equation 5.13, the ratio calculated is related to a concentration of Si-
O-Si groups in the grafted samples. Figure 5.23 shows the calculated data and the gel 
content for the grafted samples (A-N) with varying silane and varying peroxide 
concentrations. This gives a better understanding of the relationship between Si-O-Si 
groups formed and gel content of the materials. 
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for silane grafted HDPE samples 
Figure 5.23 above clearly indicates that there is no direct relationship between the 
rat io values of Si-O-Si/Si-O-CH3 and % gel content. However, the results show the 
majority of samples with ratio values equal to or below 0.5 irrespective of ge l content. 
This explains that the formation of Si-O-Si groups via condensation reactions does not 
directly influence the gel content of Ihe material, it can be seen that for the two 
samples circled (G and H) for which ratio values are high there is very low ge l 
content. This can be explained by the fac t that because the ratio of silane to peroxide 
concentration of these two samples is high, apart from the direct grafting reactions 
were silane is grafted onto the polyethylene backbone followed by premature 
crosslinking that can also occur in the extruder during grafting stage, there are also 
side reactions tak ing place. In this case the silane is reacting with other silane 
molecules (shown in mechanisms one and two, section 5.5.1.1) forming other 
molecules (by-products) with Si-O-Si links that are soluble in the so lvent during the 
refluxing and hence not detected as ge l. Only the insoluble material, such as silane 
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grafts onto polyethylene that have formed cross links prematurely (with traces of 
oxygen or water) in the ex truder are detected as gel. Two other samples (I and C) 
show very close ratio values of 1.1 and I whereas the ge l contents di ffer. This can 
also be justified with the above reasons. It is later confimled using chlorofoml 
extraction on the si lane grafted samples, followed wi th FTIR spectroscopy and GPC 
perfomled on the extracts that there is evidence of molecules extracted from the 
grafted materials. 
S.S Side reactions 
1t is well known in literature [5 ,6,7 1,72] that apart from the direct si lane grafting 
reactions taking place during the processing of the grafted material there are side 
reactions that also play a major ro le, these reactions result in forming by-products that 
are preferably removed prior to obtaining the finished products. These side reactions 
are described in more detail in section 5,5.1.1. 
S.S.1 Solvent extraction in chloroform 
As described in section 3.4.1.4, chlorofoml extraction was performed on the grafted 
samples to remove any unreacted components such as silane that has not grafted onto 
the polyethylene and other by-products that are produced during the processing of the 
grafted material. In preparation of silane grafted polyethylene material, three 
antioxidants; a phenolic primary antioxidant and two phosphite secondary 
antioxidants (phosphite I and phosphite 2) were also added. FTIR spectroscopy was 
used in order to characterize the antioxidants by mixing them with powdered KBr and 
then pressing them into pellets for analysis, this was carried out in the range between 
4000-400 cm'! . The spectra of the three antioxidants are shown in the appendix (AI?-
A19) identi fying the main absorbance peaks that characterise the different 
antioxidants: the OH group absorbing at a frequency of3625 cm' ! and carbonyl group 
absorbing at 1740 cm' ! for the phenolic antioxidant; the phosphite antioxidants P-O-
bonds absorbing at a frequency of 1190 and 1210 cm' ! [19,78]. 
FTIR spectroscopy was also used to understand clearly the mechanism of reactions 
taking place during the processing of the grafted samples. 
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5.5.1.2 FTIR on extracts and sHane grafted HDPE 
FTIR spectroscopy was used as a method to characterise the extracts following 
chloroform extracti on, to ga in a beller understanding of some of the side reactions, as 
well as the direct grafting of si lane onto polyethylene, C-C crosslinks, and 
polyeth ylene branching that may be taking place during the processing of the grafted 
materi al. After the ex traction the polymer granules were filtered, and the extracts were 
left to dry in the oven for about 2 hours in a fume cupboard. The res idues were mixed 
with KBR and pressed into thin pellets for analysis and the granules were melt 
pressed into thin films for FTIR analysis. Figure 5.24 shows an FTfR spectrum of the 
extract and figure 5.25 of a VTMOS gra fted polyethylene sample (granule) after 
extraction. 
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Figure 5.24 shows a typical spectrum of the ex tract fi·o m silane grafted polyeth ylene 
samples after chlorofoml ex traction. It is observed that very high peaks appear at 
1260, 1090, 1030 and 800 cm-I. The peaks at 1260 and 800 cm-I are attributed to Si-
CH) and Si-CH/Si-OH [129] bonds respecti vely, whereas the double peaks at 1090 
and 1030cm-1 are attri buted to Si-O-Si and Si-O-CH3 groups (cycl ic and open 
structure) e.g fi ve or six-membered rings (cyc lic dimers) or open dimersltrimers [80], 
that are fo mled through the vinyl group of the silane molecules. The double peaks 
also represent small homopolymer molecules that are fonned through direct 
condensation of silano l groups fo rmed during processing in the extruder. These 
homopolymer molecules could also be formed during the chloro form ex traction 
process were some free silane molecules which are not grafted to the polyethylene or 
have not reacted in any form [80,130], with the presence of small traces of water and 
high temperature react with each other freely. 
Initiall y in the silane grafted materi al ( figures 5.1 and 5.2) there is a single peak at 
I 090cn,-l, attributed to an overl ap of Si-O-CH) and Si-O-Si groups, where some 
siloxane groups have formed due to condensation of the silanol groups during the 
processing [78,80,130]. It is confi rmed that after crosslinking the grafted materi al 
(shown in fi gures 5. 10 and 5. 11 ) a peak absorbing at 1092cn,-1 wavelength, in which 
an adjacent shoulder at 1030cm-1 appears is present. In thi s instance the cyclic 
structures that may fonn during the processing of the grafted material (overlapped 
below peak absorbing at 1092cm-1 in grafted materi al) has increased in quanti ty after 
crosslinking, and so the peak becomes more significan t. The by-products formed 
during the gra fting stage in the extruder are removed by solvent extraction. The peak 
at l260cm-1 that appears in the ex tract is due to impurities in the VTMOS that 
remains during the synthesis of VTMOS. When the VTMOS is added to the grafted 
materials the impurities remain in the samples and are removed on extraction_ This 
peak is shown clearl y to be present in the FTIR spectrum of VTMOS, as shown in 
figure 5.26. 
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The ester carbonyl (C=O) group from the phenolic antioxidant absorbs at 1740 cm·' 
[19,78,79, 13 1)' Referring to the three antioxidant spectra and the spectra of the extract 
(figure 5.24) it is concluded that a small quantity of antioxidants is removed during 
extraction, which is present in low concentrations during the processing of the 
materials. A study [ 132] has shown that there is evidence of antioxidants present in 
the extract of silane grafted HDPE materi al following chloroform extraction. This 
finding was confirmed by the results obtained from chloroform extraction of the 
samples A-N processed on the APV twin screw ex truder. 
The antioxidants in the materi al may have reacted in di fferent ways during the 
processing as described in chapter two (section 2.4) which is concemed mainly with 
the oxidation that may be occurring at different stages during the processing of the 
samples. A previous study [1 32,133] explains that if the si lane grafted materials are 
aged in air at 150°C the carbonyl groups go through different stages of oxidation, 
therefore initial stages of oxidation could occur during processing of the grafted 
materials. The carbonyl groups present could have formed due to the electrophilic 
hydrolysis of terminal double bonds present in polyethylene, this reaction is prompted 
by the fomlation of protons as a result of water dissociation at elevated temperatures 
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[132, 134]. FTIR spectra (5. 1 and 5.2) indicate absorbance peaks at 992 and 965cm-\ 
that are attributed to vinyl groups present in the HDPE (Rigidex PC40 17). Therefore 
the following reaction shown in mechanism three below can occur during the 
processlI1g. 
H+ ~ i H 
+ H20 -...:..:....~ .. -CH2 - C- C - H 
1 1 
H H 
~ iH + 
-CH2- C- C - H 
-H 
1 1 
H H 
H 0 
1 11 
--_I -CH~2 ~C -C- H 
1 
H 
Reaction llIethanisllI three 
Figure 5_25 shows an example of a sample «(H) containing a high ratio of si lane to 
peroxide, with a doublet in the 800clll-\ region that corresponds to a high 
concentration of unreacted silane) before and after chloroform extraction_ Significant 
changes in the 800cm-\ region of the spectrum after extraction are observed from 
fi gure 5_25 (c), the double peak at 773 and 8 l 4cm-\ has resulted in a single peak that 
corresponds to only the reacted si lane at 795cm-\ and 833cm-\, the peak contribute to 
the silane grafted on the polyethylene since all the silane not grafted onto the 
polyethylene should have been removed during the extraction. This confirms the 
subtraction procedure mentioned earlier in section 5.3_2 is a valid approach to use, 
which also showed the absorbance peak at 795cnf\ and 833cm-\ to be present, 
attributed to the reacted si lane_ The intensity at 1192cm-\ representing the Si-O-CH) 
group of the silane has disappeared, remai ning as a small intemlediate shoulder on the 
I092cm-\ absorbance peak_ From this it can be concluded that ungrafted silane is 
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removed on extraction, which is further supported by the disappearance of the peak at 
I009cm-1 attributed to CH2=CH groups of the VTMOS (figure 5_25 (b)) after 
chloroform extraction. As explai ned earlier it was proposed that the silane is reacting 
in other forms apart from the direct grafting onto polyethylene which is shown in the 
reaction mechanisms one and two where mall molecules such as dimers, cyclic 
dimers, trimers, tetramers or homopolymer are formed during the processing, and 
together with free si lane molecuJes not reacted are removed using the extraction 
process. 
Attempts were made to prepare homopolymer at room temperature. This was done by 
making up a 2% solution of VTMOS in water in which a glass slide covered in 
a lum inium was held in the mixture for I minute, followed by holding the glass slide 
in air for a few minutes to remove excess silane and water. FTlR spectroscopy using 
the ATR method was performed on the hydrolysed polymer formed on the aluminium 
foil. Changes in the absorbance peaks of the homopolymer were observed. The 
spectrum can be seen in figure 5.27 below illustTating the difference in the VTMOS 
and the homopolymer spectra. 
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Figure 5_27 ATR-FTIR spectra of a homopolymer formed at room temperature 
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Figure 5.27 above highlights that in the VTMOS spectrum the peak at 1092cm-' 
characteri sti c of the Si-O-CH) groups is greater in intensity than the absorbance at 
800cm-' characteristic of Si-CH groups, and also slight absorbance of Si-OH groups 
appear in the region 800-890cn'-' [ 129]. In the homopolymer spectrum shown in 
fi gure 5_27 the intensi ty of Si-OH has increased and is greater than that of Si-O-CH) 
groups at 1092cm-'. A broad intense peak also appears around 3 1 00-3750cm-' wh.ich 
could be due to an overlap of the OH group from water and also a contribution of the 
hydro lysed Si-O-CH) groups forming Si-OH considered to appear around 3500cm-' 
[1 35]. This shows the formation of homopolymer through hydrolysis and 
condensation of the alkoxysilane groups have fonned in the presence of small traces 
of water content; the vinyl (CH2=CH) groups at 1009 and 992cm-' from the VTMOS 
remains a fter til e homopolymer reaction is complete, indicating reaction has occurred 
through the alkoxy groups. The presence of these by-products fonned during the 
processing of the grafted material is also confirmed by the peaks that appear in the 
extracts, the molecular weight data using GPC analysis carried out on the extracted 
materi al (shown in section 5.5.1.3) and also by further extractions perfomled on 
production samples processed in the same way consisting of the standard fonnulation 
when extracted in acetone (refer to chapter six section 6.3.3. 1). 
Further quantitative analysis was performed on the granules following extraction. The 
absorbance peak ratio of the two peaks attributing to the Si-O-CH) groups at 1092 and 
11 92cm-' were measured with respect to the polyethylene peak at 719cm-' . The 
absorbance peak ratio before and after chloroform extraction was compared for all the 
grafted sanlples. The results obtained are presented in table 5.4. 
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Table 5.4 Absorbance peak ratio before and after chloroform ext raction 
Absorbance peak ratio (±O.Ol) Absorbance peak ratio (±O.OI) 
Before ch loroform extraction After chloroform extraction 
Sample 10ncn'-' II92cm" I oncm" I Incm" 
A 0 0 0 0 
B 0.50 0.07 1 0.38 0.037 
C 0.50 0.070 0.43 0.050 
D 0.54 0.077 0 .60 0.065 
E 0.52 0.078 0.55 0.068 
F 0.63 0.091 0.56 0.066 
G 0.34 0.034 0 0 
H 0.36 0.037 0.38 0 
I 0.39 0.048 0.42 0.0 17 
J 0.50 0.073 0.45 0 .044 
K 0.54 0.078 0.60 0 .049 
L 0.57 0.078 0.6 1 0.05 1 
Data shown in the table 5.4 illustrates that after ch loroform extraction the absorbance 
ratio at Il ncm') for all the samples (A-L) has decreased tremendously and is 
consistent wi th values prior to extraction, which is a lso presented in figure 5.28. The 
reason for this is because the peak contributes to reacted/grafted and free Si-O-CH3 
groups of the VTMOS, and any VTMOS that is not grafted onto the polyethylene wi ll 
be removed during the extracti on process. The absorbance peak at 10ncm' ) is not a 
reli able peak for quantitative measure of Si-O-CH3 absorbance since there is an 
overlap of Si-O-Si and Si-O-CH3 group vibrations . This is illustrated clearly in figure 
5.25 (b) which shows a broad peak with a shoulder formed after ch lorofonn 
extraction, due to condensation of the silanol groups from Si-O-CH3 to Si-O-Si during 
the refluxing. This explains the reason for some absorbance ratio values at 10ncm-) 
being lower prior to chloroform extraction. Therefore, the more reliable peak at 
Il ncm') is used to explain quantitatively the relationship in materials before and 
after chloroform ex tTaction. 
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Figures 5.28 and 5.29 show an overall decrease in absorbance peak ratio at I I 92cm-! 
after chloroform ex traction. In fi gure 5.28 it can be seen that there is initi all y a big 
di fference in the va lues before and after extraction for samples B to D which is 
contributed to the removal of the by-products (d imers, cycli c dimers, trimers, 
tetramers, and hompolymers) wi th extraction. The biggest di fference is seen 111 
samples Band F in which there is a high level of si lane not grafted to the 
polyethylene. This result coincides with the data shown in fi gure 5.23, with which the 
ratio of Si-O-Si groups are simi lar in values, however have a di ffe rence in gel content, 
giving ev idence that siloxane molecules are fo rmed during the processing but ill 
di fferent ways and hence removed by extraction. In sample B with low silane 
concentration, the gel content is low compared to sample F with high si lane 
concentration and higher ge l content. Bearing in mind that in sample F there is excess 
silane, therefore the ratio of Si-O-Si groups is the same with respect to total si lane 
content. 
Figure 5.29, illustrates grafted materi al wi th varying peroxide concentrations; the 
absorbance peak ratio values at I I 92cm-! increase with an increase in peroxide 
concentration. Samples G and H in which the ratio of silane to peroxide concentration 
is high, there is also excess silane and a low peroxide concentration and therefore a 
small quantity of silane is grafted to the polyethylene with the remaining reacted in 
other form s. This is also consistent with the high ratio values of Si-O-Si /Si -O-CHJ 
shown in figure 5.23 and low gel content, indicating that molecules containing 
si loxane groups have formed but are not detected as gel and hence are soluble in 
solvent during extraction. The absorbance peak ratio following extraction of samples 
G and H is measured to be zero, because a high concentration of si lane has formed 
by-products that are removed. Above a perox ide concentration of 0.06 wt%, the 
absorbance peak ratio va lues reach a plateau at a point were all the si lane has reacted. 
There is a consistent relationship throughout all the samples analysed. 
5.5.1.3 GPC analysis on extracts 
GPC analysis was performed on the extracts: Three samples (B, F and H) were 
selected for GPC analysis in order to understand more clearl y the size and type of 
molecules formed during the processing of the gra fted materials. 
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Fo llowing the complete extraction in chlorofoml , the samples were dried in a fume 
cupboard for 2h to remove all the so lvent and then the residues remaining were 
di ssolved in THF, which is also the so lvent passing through the column. Average 
molecular weights and molecular weight distribution were obtained on ex tracts o f the 
amples by compari ng the llllknown sampl es to 5 standards of polystyrene (as 
ex plained in detail earl ier in chapter three, section 3.4.4. 1), a calibration straight line 
obtai ned by using these standards is shown in the fo llowing fi gure 5.30. 
CtM Fittilg Using: 1 si Orde< Polynomial 
logM 
11.00 1200 13.00 14.00 15.00 
T ... ~ Mnrtes 
Figure S.30 Calibratiou for GPC column 
16.00 
Figures 5.3 1, 5.32 and 5.33 show the average molecular weight values obtained by 
using GPC for extracts of three grafted samples. 
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In preparing the calibralion graph (fig 5.30) the five molecular weight standards used 
varied from the highest of 2950000 to 3770 being the lowest, and allY weight average 
molecular weight values within thi s range are reliable, whereas anyth ing above or 
below are considered less accurate. From figures 5.3 1 to 5.33 the extracts show 
average molecular weight values of 125,890 and 15,840 contained in extracts from 
samples B and H. This indicates that some polar molecules that are soluble in polar 
THF are present in the extract, since all the insoluble material that is detected as gel is 
usually filtered out of the solution prior to the analysis. From the three samples 
selected and analysed the difference in weight average molecular weight can be 
explained accord ing to the gel content of the samples and the data presented in figure 
5.23 showing concentrations of Si-O-Si groups. Sample B containing low si lane 
concentrations, show a low concentration of Si-O-Si groups and hence a low gel 
content (- 12%); the reason for thi s is because since there is a low concentration of 
si lane, very little reaction of silane with the polyethylene. However, some of the 
si lane molecules react together to form large homopolymers, those that are highly 
polar and soluble in THF. Sample H also shows extracted material with lower 
molecular weight (- 15,840) compared to sample F to be present. This can also be 
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explained using the data in figure 5.23, indicating that in this sample because the 
concentration of silane to peroxide is higher therefore the content of Si-O-Si groups 
present are greater. With the gel content as low as 0.1 % emphasises that less reaction 
occurs between the silane and polyethylene in the extruder and so a polyethylene 
network of crosslinks is not formed, whereas the VTMOS reacts with other VTMOS 
molecules forming low molecular weight homopolymers that are polar in character 
and so dissolve in the THF prior to analysis. The results from samples B and H can 
also support the data obtained from chloroform extraction, showing that a lot of 
material is extracted in chloroform due to the above reasons. Moreover, sample F 
'shows there is no material detected in the extract using GPC analysis, this sample 
contains excess si lane with a low concentration of Si-O-Si calculated. However the 
high level of gel content (22.5%) could be due to the dominating reaction of the silane 
through the vinyl (CH2=CH) groups forming cyclic dimers that in effect be detected 
as gel, and therefore filtered out prior to GPC analysis and hence only the soluble 
material is detected. Even though in sample F no material is detected with GPC 
analysis, evidence shows that by-products are formed during the processing of the 
material with a large difference in the absorbance peak ratio value at 1192cm'! (figure 
5.29) before and after chloroform extraction, giving a value of approximately zero 
after extraction. 
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5.6 Conclusions: PART ONE and PART TWO 
From results obtained in this study it can be claimed that FTIR is used for qualitative 
and quantitative analysis of silane grafted polyethylene material. Using FTIR 
spectroscopy it was confirmed that silane is effectively grafted onto polyethylene 
showing variations in the materials structure with different concentrations of silane 
and peroxide. With reference to the data calculated and the Beer Lambert Law, a 
quantitative method was established. This was used to calculate the concentration of 
reacted and unreacted VTMOS in si lane grafted polyethylene samples processed in a 
twin screw extruder. 
The results show that as the si lane concentration increased with constant peroxide 
concentration, a maximum percentage concentration of reacted si lane (99.3%) is 
reached at a concentration of 1.8wt% silane and O.05wt% peroxide. With a continuous 
increase in silane from 1.8wt% to 2.2wt% a decrease in the % concentration of 
reacted silane is observed. This can be explained by the fact that there is excess silane 
that may not have reacted and therefore, the concentration of reacted silane with 
respect to this excess silane decreases. However, on the other hand with an increase in 
peroxide concentration from Owt% to O.09wt% and constant silane at 1.8wt% the 
results show that there is an increase in % concentration of reacted silane, until a 
plateau is reached at which stage all the silane has reacted in some form. These results 
show to be consistent with the unsaturation content measured at absorbance peak 
l009cm·1 on both series of grafted samples. This method has also been proven to be 
applicable to production silane grafted polyethylene material processed in 
compounding extruders which can be seen later in chapter six. 
Following the conclusion that the increase in relative amount of VTMOS (R) 
calculated for the grafted samples is attributed to an overlap of Si-O-CH3 groups and 
Si-O-Si groups at 1092cm·1 and Si-O-CH3 groups with Si-OH groups barely visible at 
1192cm·1• Further quantitative FTIR analysis was introduced in this region of interest 
to establish a method for determining the concentration of Si-O-CH3 and Si-O-Si 
groups in the samples. However, due to interactions between the solvent and the 
compounds (VTMOS and PDMS) used to prepare the dilutions, this approach was not 
successful. Moreover, following further analysis an absorbance ratio of Si-O-Si/Si-O-
CH3 was calculated using a multiplying factor contributing to the VTMOS ratio of 
l092/1192cm·1• From the results it was concluded that side reactions forming by-
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products such as the si lane molecules reacting with each other through hydrolysis 
followed by condensation to form homopolymers through Si-O-Si links during the 
processing in the extruder or during the extraction process if free si lane molecules 
have not grafted to the polyethylene, or reacted in any other form are present. An 
alternative mechanism of forming by-products during the processing can also be 
followed were some of the peroxide initiates the silane molecules via the vinyl group 
which then form low molecular weight cyclic dimers, trimers, tetramers. This was 
supported by chloroform extraction data performed on the grafted materials, which 
successfully removed unreacted molecules from the grafted material. From the extract 
(figure 5.24) it is deduced that the evidence shows other side reactions occurring 
during the processing stage (as shown in reaction mechanisms one and two). The 
extract showed peaks appearing at 1260cm·1 and 800cm-1 attributed to Si-CH3 (from 
impurities remaining in the VTMOS during the synthesis of the compound) and Si-
CH with small traces of Si-OH bonds respectively, whereas the peaks at 1090cm-1 and 
1030 cm-1 are attributed to Si-O-Si and Si-O-CH3. A previous study [132] carried out 
extraction in the same way and showed the same findings. Moreover, the peak at 3500 
cm·1 could also attribute to the hydrolysed Si-O-CH3 groups forming Si-OH. This is 
supported with evidence [135] that water condensation reaction of silanol groups to 
siloxane is reversible; in the presence of water and high temperatures the dissolution 
of siloxane bonds to produce silanol groups is favoured, therefore the hydrolysis of 
siloxane bonds, as shown below in equations four shows that the bonds are breaking 
and forming continually. 
I I 
- Si-OH + HO-Si-
-
--
I I 
- Si-O-Si - + H20 mechanism four 
I I I I 
There is also an indication that a small amount of antioxidant is removed showing a 
peak in the spectrum concerning the carbonyl group at about I 740cm·1 which is barely 
visible [78,79), and originates from the phenolic antioxidant. Data from GPC analysis 
resumed that varying molecular weight material is extracted from the grafted samples, 
figures 5.31 to 5.33 show this clearly. 
The absorbance ratios calculated for the granules after chloroform extraction were 
shown to be consistent with the absorbance peak ratio measurements before 
chloroform extraction. The decrease in absorbance peak ratios at 1192cm-1 is 
attributed to the removal of silane not grafted onto the polyethylene and either reacted 
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with other silane molecules during the processing or remaining as free silane. The 
FTIR spectra (figures 5.25 a, b, and c) of granules after extraction showed double 
absorbance peaks contributing to the reacted and unreacted silane at 773 and 814cm·1 
resulting in a single peak that corresponds to only the reacted si lane at 795cm·1 and 
833cm-1 after extraction, which is the silane grafted on the polyethylene, confirming 
the subtraction procedure to be valid. Moreover, significant changes in the lOOOcm-1 
region of the spectrum were also observed. The intensity at 1192cm·1 characteristic to 
the Si-O-CH3 group of the VTMOS and l092cm·1 attributed to the Si-O-CH3 and Si-
O-Si groups also showed changes following extraction. This confirms that some 
material is removed on extraction, which was supported by the changes in absorbance 
l009cm·1 attributed to CH2=CH of "the silane. Again this shows evidence the silane is 
reacting in other forms apart from the direct grafting onto polyethylene. 
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CHAPTER SIX: RESULTS AND DISCUSSION 
CHARACTERISATION OF PRODUCTION MATERIAL: 
EFFECT OF COMPOUNDING EXTRUDERS ON SILANE 
GRAFTED HDPE 
6.1 Introduction 
Production material manufactured at Micropo\ Ltd (ISOPLAS P471-VTMOS grafted 
polyethylene) consisting of the standard formulation as described in chapter three 
section 3.2.1.3 is prepared in two types of compounding extruders. In order to 
understand what effect the Isoplas manufacturing equipment has on the grafting 
behaviour of si lane grafted material a small study was carried out using the existing 
approaches and techniques mentioned in chapters four and five. The quantitative 
method established in chapter five was used to demonstrate the applicability of the 
method and to measure the level of grafting on the production material. Other 
characterisation methods such as MFI, GPC, solvent extraction, gel content, swelling 
measurements and qualitative/quantitative FTIR analysis were also used to further 
understand the structure of the material. The main concern in the production material 
is the variations measured in the grafted materials processed at Micropol Ltd. These 
variations are monitored using quality control test procedures that are carried out on 
granules of Isoplas grafted polyethylene before moulding into the desired products. 
Techniques such as MFI, FTIR, and solvent extraction are performed at Micropol Ltd 
prior to supplying the materials to customers. Therefore, in order to understand the 
level of consistency in each batch of material processed further analysis was carried 
out and is presented in this chapter. 
6.2 Compounding Extruders 
The two compounding extruders mainly used at Micropol Ltd in conjunction with the 
Sioplas process to prepare silane crosslinkable graft copolymer blends are a Leistritz 
co-rotating twin screw compounding extruder, which is similar to the APV 
compounding twin screw extruder used for processing the sample materials in this 
study (chapters four and five) and a Buss-Ko-Kneader reciprocating single screw 
compounding extruder. 
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The objective of work described in this work was to measure the degree of variations 
in the silane grafted polyethylene material processed in the two extruders. There was 
no focus on the effect of processing conditions on the level of grafting, or 
investigating how high levels of grafting can be achieved. The interest was mainly 
concerned with understanding the level of variations. Samples were processed at 
Micropol Ltd. Two batches of six samples were collected and analysed from the 
Leistritz (two extrusion runs on separate days, with six samples from each run) and 
one batch of six samples from the Buss-Ko-Kneader (collected from one extrusion 
run). In preparation of the grafted material in the Leistritz twin screw extruder, the 
temperature range used was 165-240°C across eleven zones and the screw speed was 
340rpm, whereas the samples prepared on the Buss-Ko-Kneader were over a 
temperature range of 140-230°C across eight zones and a screw speed of 270rpm. 
Figures 6.1 and 6.2 display schematic pictures of a typical twin screw in a Leistritz 
and a single screw present in a Buss-Ko-Kneader. Table 6.1 and 6.2 shows the 
specifications for those particular extruders used to process the production samples. 
6.2.1 Leistritz twin screw compounding extruder 
The Leistritz twin screw extruder is considered to have similar processing actions to 
the APV twin screw compounding extruder (specifications mentioned earlier in 
chapter three section 3.2.1). Twin screw extruders [136,137] consist of two co-
rotating screws, placed in an figure-8-shaped barrel. In this type of compounding 
extruder the screws are located side by side and rotate in the same direction, the 
flights of one screw stick in the charmel of the other screw and fully intermesh with 
one another [138]. This causing the screw's flight to penetrate the charmel acting as a 
wedge and forcing the material to leave that charmel and move into adjacent charmels 
of the other screw. It is the transfer of the material from one screw to the other that 
creates the movement around both screws. This allows the material to mix efficiently 
and grafting reactions between the melted polyethylene, peroxide initiator and the 
organo-silicon compound to occur. 
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Table 6.1 Specifications of Leistritz (ZSE-7S) compounding extruder 
Screw diameter 75mm 
Screw Length 3000mm 
Screw lengthlDiameter ratio 40:1 
Screw speed range 0-450rpm 
Direction of screw speed Co-rotating 
ModeIlMake number ZSE-75 
Figure 6.1 shows a schematic diagram of a typical twin screw in a Leistritz extruder 
Figure 6.1 Schematic of a twin screw in a Leistritz extruder [138) 
6.2.2 Buss-Ko-Kneader single screw compounding extruder 
The Buss-Ko-Kneader [74,137,139] is a special type of single-screw extruder that 
contains one highly sophisticated reciprocating screw, the screw consists of elements 
with interrupted flights that rotate in a barrel past a series of stationary pins fixed into 
the barrel wall. This Ko-Kneader in general, is considered a single screw machine 
with twin screw action [140]. The stationery pins act as a second screw that serves 
several functions such as wiping action of the barrel and the pins as the screw rotates 
and oscillates. It also allows for the transport of the material through the extruder, as 
well as mixing. This provides a good mixing capability in the barrel where the 
polyethylene granules become heated and melt allowing the organic peroxide and 
organo-silicon compounds to react with the polyethylene, also monitor the 
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temperature and prevent the material from rotating with the screw ensuring a stable 
operation. 
Table 6.2 Specifications of Buss-Ko-Kneader (PRI00) compounding extruder 
Screw diameter 100mm 
Screw Length 1200mm 
Screw lengthlDiameter ratio 12:1 
Direction of screw speed Reciprocating 
Screw speed range 0-380rpm 
ModellMake number PRIOO 
Figure 6.2 shows a schematic diagram of a typical reciprocating single screw in a 
Buss-Ko-Kneader. 
Figure 6.2 Schematic of a single screw in a Buss-Ko-Kneader extruder [137) 
6.3 Characterisation of sHane grafted and crosslinked HDPE 
The production samples (Isoplas P471) processed at Micropol Ltd on the Leistritz 
twin screw and Buss-Ko-Kneader compounding extruder were analysed. Two batches 
of six samples were produced from the Leistritz and one batch of six samples from the 
Buss-Ko-Kneader. The samples are numbered as shown in the table 6.3. 
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Table 6.3 Production material processed on the compounding extruders 
Leistritz twin screw extruder Buss-Ko-Kneader 
Batch one Batch two Batch three 
I I I 
2 2 2 
3 3 3 
4 4 4 
5 5 5 
6 6 6 
A series of characterisation techniques were performed on these samples such as MFI 
to measure the materials flow properties, GPC for molecular weight analysis, FTIR 
for qualitative analysis on identifying peaks of interest, and quantitative analysis to 
demonstrate the applicability of the method established in chapter five. Also 
purification was performed on selected samples that showed greatest variation in 
measurements. Moreover, to further understand the structure of gel products, swelling 
measurements were also obtained using the Soxhlet extraction system. 
6.3.1 Melt Flow Index on sHane grafted HDPE 
As mentioned in the previous chapter four (section 4.2.3) that MFI is used as a 
measure of the materials flow behaviour, and is an inverse measurement of molecular 
weight. Figure 6.3 shows the relationship between the MFI of the silane grafted 
HDPE samples processed on the Leistritz twin screw extruder and those processed on 
the Buss-Ko-Kneader. The method discussed in chapter three (section 3.4.3) was 
carried out on these samples, using a 20kg load. 
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Figure 6.3 MFI values for silane grafted HOPE production samples 
Average M FI values within each batch of samples are summari sed in table 6.4 
Table 6.4 Average MFI for each batch of samplcs 
Avcrage MFI (g/lOmin) 
HDPE 19.57 
Batch one 12.30 
Batch two 12.27 
Batch three 11 .98 
As shown in figure 6.3 , the MFI va lues measured for the HDPE is higher compared to 
those of the grafted samples. This implies that grafts or branches have fo rmed on the 
polyethylene which in effect reduces the flow of the material. Moreover, on average 
the MFI va lues of the grafted samples are similar irrespective of the extruder type 
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used, showing slightly lower MFI va lues of the samples processed on the Buss-Ko-
Kneader compared to the samples processed on the Leistri tz. This could indicate that 
greater reactions are occurri ng in the Buss- Ko-Kneader, hence reducing the materi als 
flow. However, the s light di fference could also be due to experimental errors. 
6.3.2 Gel Permeation Chromatography on silane grafted HDPE 
Molecular weight measurements performed on the samples were sent to Rapra 
Techno logy (chapter tllree section 3.4.4 explains in detai l the experimental procedure 
calTied out). The reference for each sample was the base polyethylene used in 
processing that particular batch of grafted material. The detector used in this analys is 
was the GPC-viscosi ty detector, therefore any increase in molecular weight become 
apparent and is detected with the detector, it also gives some compari son o f chain 
branching. 
Table 6.S summarises the molecular weight data obtained fo r all the silane grafted 
polyethylene materi al. 
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Table 6.S Molecular weight measu,'ements on silane grafted HOPE production 
samples 
Samples Mw Mu Mw/M u 
BATCH ONE 
HDPE 126,000 19,175 6.57 
I 136,000 22,450 6.06 
2 134,500 22,975 5.85 
3 133,750 22,100 6.05 
4 13 1,250 22, 150 5.93 
5 135,250 22,275 6.07 
6 131 ,500 22,200 5.92 
BATCH TWO 
HDPE 127,250 20,375 6.25 
I 119,250 22,325 5.34 
2 128,250 2 1,775 5.89 
3 124,250 21 ,100 5.89 
4 126,000 22,000 5.73 
5 126,750 2 1,350 5.94 
6 133,250 22,100 6.03 
BATCH THREE 
HDPE 11 4,250 2 1,775 5.25 
I 11 9,500 23,875 5.0 1 
2 121,750 23,625 5.15 
3 121,000 23,875 5.07 
4 119,250 23,950 4.98 
5 11 9,000 23,225 5. 12 
6 120,750 23,675 5.10 
As shown in table 6.5, the grafted samples in all three batches have lower 
polydispersity compared to the base polyethylene used in that batch. This in effect 
shows higher Mn for the grafted samples, with a broad distribution of molecules of 
varying molecular weights. However, since a OPC-viscosity detector was used, thi s 
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can explain the reason for the higher Mw measured for all the grafted samples in 
comparison to its base polyeth ylene. As stated in chapter four, that a GPC-Viscosity 
approach can detect changes in molecular we ight as a result of chain branching and is 
believed to genera ll y give a good estimate. This shows that after modi fying the base 
polyeth ylene there is some branching/grafting tak ing place and as a result of thi s the 
molecular weight increases, which can be detected with both the di ffe rential 
refractometer and viscosity detector. From the data in table 6.5 it can be seen that 
overall there is insignificant vari ation in Mw within each batch and between the three 
batches, any slight di fference could be due to experimental errors in e ither the 
preparation of samples for analys is or with the detectors. 
6.3.3 Fourier Transform Infrared Spectroscopy on silane grafted 
lIDPE 
Qualitative and quantitati ve FTffi. analysis was carried out on the production material. 
This gave a clear understanding of any vari ations in the materials. 
6.3.3.1 Qualitative and Quantitative FTIR analysis 
FTffi. spectroscopy identi fied the main functional groups present in the silane grafted 
samples. The absorbance peak in the 800cm-1 region characteristic of the Si-CH 
groups at 773cm-1 and 816cn,-l. The absorbance at 1092cm-1 responsible for the Si-O-
CH) and Si-O-Si groups (as explained in detail in chapter fi ve) appeared in the grafted 
samples, also absorbance at I 1 92cn,-1 characteri stic of the Si-O-CH) groups were 
apparent. The quantitati ve FTffi. method established in chapter five was applied to all 
the production material processed on both compounding extruders. Figure 6.4 
illustrates the results obtained; representing the % concentration of reacted (CR) si lane 
calculated in the silane grafted polyethylene samples, whilst table 6.6 summarises the 
average %CR within each batch. 
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Figure 6.4 Percentage concentration of reacted and un reacted sHane in 
production samples processed on Leistritz and Buss-Ko-Kneader 
Table 6.6 Average %C ll for the three batch of samples 
Average % CIl 
Batch one 95.78 
Batch two 97.56 
Batch three 98.14 
It can be clearl y seen in figure 6.4, that there is insignificant variations in the % 
concentralion of reacted si lane within each batch and between the samples processed 
on the Leistritz and those processed on the Buss-Ko-Kneader. However, on average 
there is slightly higher % reacted si lane for all the samples processed on the Buss-Ko-
Kneader compared to those from the Leistritz extruder. This could indicate that the 
silane is reacting more effective ly in the Buss-Ko-Kneader. 
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Further quantitative measurements on the grafted samples were made at absorbance 
peaks 1092cm,I and 11 92cm'I, The relative amount of si lane grafting (R) was 
detennined by measuring the area of the absorption peaks of the Si-O-CH] groups and 
calculating the ratio of these peaks with respect to the absorbance peak at 7 19cm' I that 
is chosen to be the internal reference of the polyethylene (explained in detail In 
chapter five section 5.3). Table 6.7 shows the results calculated for all the samples. 
Table 6.7 Absorbance peak ratio at 1092cm,1 and 1192cm' l on the sHane grafted 
HDPE samples processed on the Leistritz and Buss-Ko-Kneader 
cm" cm" cm" 
BATC H 1092 1192 BATCH 1092 1192 BATCH 1092 1192 
ONE TWO THREE 
I 0.729 0.106 I 0.686 0.097 I 0.729 0.105 
2 0.771 0.115 2 0.656 0.097 2 0.706 0.106 
3 0.8 19 0.124 3 0.628 0.086 3 0.773 0.111 
4 0.735 0.113 4 0.675 0.099 4 0.7 17 0.103 
5 0.776 0.11 6 5 0.666 0. 101 5 0.926 0.137 
6 0.779 0.114 6 0.589 0.088 6 0.684 0. 102 
Average 0.768 0.115 Average 0.650 0.095 Average 0.756 0.111 
From table 6.7 it can be seen that there is insignificant variations in the absorbance 
peak ratio values at absorbance 1092cm,1 and I I 92cm' l fo r all the samples within 
each batch. However, the values are seen to be slightly higher for those samples 
processed on the Buss-Ko-Kneader compared to those from the Leistritz, even though 
there is very little variation amongst the samples wi thin the batch. As stated before, 
the absorbance peak at 1092cm,1 is not reliable for quantitative analysis because of 
the overl ap between Si-O-CH] and Si-O-Si groups present in the grafted samples; 
therefore any changes observed in the materials are monitored using the absorbance 
peak at I I 92cm'l which is a reliable peak for quantitative analysis (explained in detail 
in chapter five) . The overlap at absorbance peak I 092cm' l can be used to calculate the 
concentration of Si-O-Si groups present in the grafted samples with respect to the Si-
O-CH] content The procedure outlined in section 5.4 was applied to the production 
material. The calculated ratio of VTMOS (109211 I 92cm'l) as 6.28 was used as the 
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multiplying factor in these samples. These results are presented later in section 6.3.4.1 
(figure 6.7), illustrating the relationship between gel content and ratio of Si-O-Si/Si-
OCH3. 
The results in table 6.7 also show that greatest variation is observed in the absorbance 
peak ratio values calculated for three samples from batch one, processed on the 
Leistritz. Therefore, to understand further the chemical reactions that could be taking 
place during the processing in the extruder, purification (procedure in section 3.4.1.3) 
was performed on these three samples. To compare these samples to those processed 
on the Buss-Ko-Kneader, four samples (1,2,4 and 6) were also selected for analysis. 
The purified polyethylene was then analysed using FTIR and the absorbance peak 
ratio at 1092cm·1 and 1192cm·1 was measured. From the results it was observed that 
the purified samples showed a large decrease in the absorbance peak ratio at 1192cm·1 
after extraction, suggesting that unreacted silane that has not grafted onto the 
polyethylene during processing is removed. It was also observed that various peaks 
not well defined appeared in the FTIR spectrum of the purified material, making it 
difficult to identify any specific changes. This is because during purification the 
polyethylene undergoes major changes in the structure such as complete dissolving in 
xylene followed by precipitation in acetone, therefore, various reactions and changes 
occur with the polyethylene. In response to this observation the selected samples were 
instead extracted using acetone, since silane is soluble in acetone, also acetone does 
not have a major affect on the polyethylene granules after extraction. The outcome 
from this analysis confirmed the results obtained following chloroform extraction that 
has been mentioned in chapter five. 
Acetone extraction was performed on samples 1-3 from batch one, and also samples 
1,2,4 and 6 from batch three. The experimental procedure outlined in chapter three 
section 3.4.1.4 was followed. After extraction, the granules were left to dry in the 
oven for 24 hours. The samples were prepared by compression moulding the granules 
into thin films for FTIR analysis on which measurements of absorbance peak ratio 
values were obtained. 
The results measured after extraction on the selected samples from the Leistritz and 
Buss-Ko-Kneader are summarised in table 6.8 and 6.9. 
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Table 6.8 Absorbance peak ratio at 1092cm-1 and 1192cm-1 before and after 
acetone extraction on sHane grafted HDPE samples processed on the Leistritz 
extruder 
BATCH Before acetone extraction After acetone extraction 
ONE 
Sample Absorbance Absorbance Ratio Absorbance Absorbance Ratio 
peak ratio at peak ratio at 109211192 peak ratio at peak ratio at 1092/1192 
lO92cm-1 1192cm-1 lO92cm-1 1192cm-1 
1 0.729 0.106 6_877 0.512 0.059 
2 0.771 0.115 6.704 0.469 0.026 
3 0.819 0.124 6.605 0.707 0.068 
Table 6.9 Absorbance peak ratio at 1092cm-1 and 1192cm-1 before and after 
acetone extraction on sHane grafted HDPE samples processed on Buss-Ko-
Kneader 
8.678 
18.038 
10.397 
BATCH Before acetone extraction After acetone extraction 
THREE 
Sample Absorbance Absorbance Ratio Absorbance Absorbance Ratio 
peak ratio at peak ratio at 1092/1192 peak ratio at peak ratio at I 0921ll 92 
1092cm-1 1192cm-1 1092cm-1 1192cm-1 
1 0.729 0.105 6.943 0.667 0.096 
2 0.706 0.106 6.660 0.650 0.081 
4 0.717 0.103 6.961 0.680 0.088 
6 0.684 0.102 6.706 0.711 0.099 
The absorbance peak ratio measured at 1092cm-1 and 1192cm-1 with respect to 
polyethylene (719cm-l ) after acetone extraction has effectively decreased, the biggest 
difference is observed in values at absorbance 1192cm-l . 
It can be seen from tables 6.8 and 6.9 that absorbance peak ratio at 1192cm-1 after 
extraction is more consistent amongst samples produced on the Buss-Ko-Kneader 
than those produced on the Leistritz. Also, it is clearly seen from the data, that the 
absorbance ratio values at lO92cm-1 and 1192cm-1 after acetone extraction are lower 
for samples processed on the Leistritz than those on the Buss-Ko-Kneader. This 
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indicates that during processing in the Buss-Ko-Kneader could result in a higher 
grafting efficiency compared to samples processed in the Leistritz extruder, and 
therefore less ungrafted material is removed by extraction. Referring to the % 
concentration of reacted silane (fig 6.4) in batch three (samples 1,2,4 and 6), it is 
observed that a high % of reacted silane and hence a high level of grafting is 
achieved. This is later supported with the data obtained from swelling measurements 
in section 6.3.4.2. The extracts were left in the fume cupboard to evaporate off the 
solvent, leaving behind the residue for FTIR analysis. The residue was pressed into 
discs using KBR and analysed to identify the groups present in the extract. Figure 6.5 
shows the FTIR spectrum of the extracted residue. 
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Figure 6.5 FfIR spectrum of extract using acetone 
The spectrum (figure 6.5) shows intense peaks at those frequencies corresponding to 
silicon groups. These groups are also present in the extract following chloroform 
extraction. High peaks appear at 1260, 1090, 1030 and 800 cm'\' The peaks at 1260 
and 800 cm-! are attributed to Si-CH3 and Si-C bonds respectively, whereas the 
double peaks at 1090 and 1030 cm'! are attributed to Si-O-Si/Si-O-CH3 groups (cyclic 
structure) e.g five or six-membered rings [80]. The same absorbance peaks appeared 
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in the extracts from the samples processed on the Buss-Ko-Kneader. This implies that 
by-products of silane are forming during the processing of the production material, 
through side reaction producing molecules such as VTMOS homopolymers, dimers, 
cyclic dimers, trimers, tetramers etc. These molecules are then extracted using the 
appropriate solvents. This also confirmed the results in chapter five for those samples 
processed on the MV compounding extruder in which by-products are also expected 
to form. 
6.3.4 Gel content/Swelling on sHane grafted and crosslinked HDPE 
In order to understand the structural network of crosslinks in the production material, 
solvent extraction using xylene on the grafted samples processed on the Leistritz and 
the Buss-Ko-Kneader was carried out. Three samples from each batch were selected 
according to the biggest difference in the % concentration reacted silane calculated 
using the applied method. These samples were crosslinked at 90°C for 24 hours in an 
autoclave and then swelling measurements were performed on the crosslinked 
samples. 
6.3.4.1 Gel content measurements on sHane grafted HDPE 
Figures 6.6 (a) (b) and (c) show the gel content results obtained initially for samples 
in each batch. 
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Figure 6.6 Percentage gel content on silane grafted HDPE samples processed on 
the compounding extruders (a) Leistritz (h) Leistritz (c) Buss-Ko-Kneader 
From the figures (6.6 a, b and c) it can be seen that there is great variation in % gel 
content within batch one and two processed on the Leistritz_ Whereas, the gel content 
for samples in batch three is consistent. Moreover, the % gel content of all samples 
processed on the Buss-Ko-Kneader is higher compared to the samples from batch one 
and two_ This reflects that more gel is formed when samples were processed on the 
Buss-Ko-Kneader, which could be due to premature siloxane linkages of the silane 
grafts formed during the grafting stage. Since evidence has shown on average a higher 
% concentration of reacted silane is present in samples from batch three, indicates that 
a high proportion of si lane is reacting. However, the reactions could be either silane 
grafting to polyethylene fo llowed by the formation of siloxane linkages or si lane 
reacting with other silane molecules. The gel content mainly depends on the size of 
the by-product molecules, with evidence detected in chapter five that lower molecular 
weight material consisting of Si-O-Si groups can be formed during the processing. 
However are not always detected as gel and are soluble in xylene during gel content 
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analysis . On the other hand, larger by-product molecules could be formed into gel and 
not removed during extractions with solvent. 
The relationship between % gel content and ratio of Si-O-Si/Si-O-CHJ for Ihe samples 
in all three batches is illustrated in figure 6.7. 
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Figure 6.7 Relationship between ratio Si-O-Si/Si-O-CH3 and gel content for 
silane grafted HOPE samples proccsscd on Lcistritz and Buss-Ko-Kncader 
From figure 6.7 above it is concluded that the same principle applies to the production 
material as for samples processed on the APV twin screw extruder. [t is clearly seen 
that there is no relat ionship between the ratio of Si-O-Si/Si-OC[-i] and the % gel 
content. The data highlights that samples with the same concentration of Si-O-Si 
groups have different levels of gel content, for example three samples, one from each 
batch shows a ratio value of approx 0.4 1 but have different gel content va lues. It is 
also emphasised that samples in batch three have very similar ge l content, however 
the ratio values appear to be different. The two samples circled show different levels 
of Si-O-Si groups present, however contain similar gel content values. These samples 
are assumed to consi t of a high level of si lane homopolymers compared to the other 
samples. This approach could also be considered as a quality control method used on 
production material in which samples can be selected for further analysis according to 
% gel content and Si-O-Si content. 
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6.3.4.2 Gel content and swelling on sHane crosslinked HDPE 
Three samples were selected from each batch accordingly. These samples were 
crosslinked in an autoclave at 90°C for 24 hours to obtain fully crosslinked samples. 
Following gel content on the crosslinked samples, the swelling test was also carried 
out to understand how the crosslink network structure is distributed in the samples. 
Table 6.10 shows the data obtained. 
Table 6.10 Gel content and swelling measurements on selected samples processed 
on the Leistritz and Buss-Ko-Kneader compounding extruders 
Samples Gel content measurements Swelling measurements 
after crosslinking 
BATCH ONE Molecular weight Crosslink Density 
between crosslinks n (mol/kg) 
Mc (g/mol) 
1 36.4 24,500 2.04x lO·· 
2 31.9 38,750 1.29xlO·" 
3 38.3 7,900 6.28xlO·" 
BATCH TWO 
1 20.4 69,000 7.21 xIO" 
2 24.2 55,700 8.97xI0·' 
3 31.8 50,700 9.86x lO· j 
BATCH THREE 
1 21.43 4,500 1 1. 11 x 10'" 
2 22.63 6,500 7.64xlO·" 
3 32.44 10,500 4.73xI0·" 
4 31.37 21,500 2.32xlO·" 
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The results shown in table 6. I 0 show the gel content after crosslinking to be similar in 
all three batches. This could be because during the extraction processes for gel content 
analysis some of the by-product molecules that might have formed during the 
processing are soluble in the xylene and are therefore extracted, whilst the insoluble 
material remain trapped in the mesh. Since different reactions are occurring during the 
processing in the extruder, the quantity of the by-products formed varies in each 
sample. However, the swelling results show that for samples processed on the Buss-
Ko-Kneader there is lower Mc and higher average number of crosslinks compared to 
the samples processed on the Leistritz. This data supports the high gel content 
measured in the grafted samples. Therefore it can be concluded that there is a higher 
level of grafting to polyethylene that form siloxane (Si-O-Si) links after crosslinking, 
which results in smaller distance between crosslinks therefore a smaller Mc value, and 
hence a higher average number of crossIinks. 
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6.4 Conclusions 
From results obtained in this chapter, the data analysed on the production material 
processed in the Leistritz and Buss-Ko-Kneader highlights the main techniques that 
can show variations in the materials. 
Results obtained from MFI analysis confirmed that grafting was taking place in all 
three batches of production material. Since the flow of material decreases with 
graftinglbranching; the MFI values appeared to be lower for the grafted samples in 
comparison to the base polyethylene, showing consistent values in all three batches. 
This was also in relation to the molecular weight measurements obtained from GPC 
analysis, showing an effective increase in weight average molecular weight for the 
grafted samples compared to the base polyethylerie, however, no major changes in the 
samples were observed. 
FTIR confirmed that silane is grafted onto polyethylene, with the main absorbance 
peaks at 1092, 1192, 800cm·1 to be present in the grafted samples. The quantitative 
method established in chapter five was applied to the production material, and the % 
concentration of reacted and unreacted silane content in the samples was calculated. 
The results showed insignificant variations in % reacted silane, with the highest level 
of % reacted silane in those samples processed on the Buss-Ko-Kneader, hence 
indicating that a high level of grafting is achieved in samples processed on the Buss-
Ko-Kneader compared to samples from the Leistritz. This was also confirmed with 
acetone extraction data, for which samples were selected according to significant 
variation measurements of absorbance peak ratio with respect to polyethylene at 1092 
and 1192cm·l . The main quantitative measurements were analysed using absorbance 
peak at 1192cm·l . From acetone extraction data it was observed that the absorbance 
peak ratio after acetone extraction on samples processed in the Buss-Ko-Kneader 
shows to be more consistent with a small variation before and after extraction 
compared to those samples processed on the Leistritz. Therefore, any material 
removed is either free si lane that has not reacted in any form or any by-products 
produced during the processing of the material, which was confirmed from the FTIR 
spectrum of the extracted residue. The extract showed evidence of by-products 
removed with acetone extraction, showing absorbance peaks around 800cm-1 1260, 
1090 and 1030cm-l . 
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The gel content results show great variation in the materials processed on the Leistritz 
compared to those from the Buss-Ko-Kneader, also showing that higher gel.content 
appears in samples processed on the Buss-Ko-Kneader. 
The results show no relationship between the concentration of Si-O-Si groups formed 
in the grafted samples and the % gel content measured. This clearly indicates that 
apart from direct grafting reactions of silane onto polyethylene followed by premature 
crosslinking forming Si-O-Si links that is detected as gel, there are also by-products 
formed such as silane homopolymer, dimers, cyclic dimers, trimers which also 
contain Si-O-Si links, and according to the size and solubility of these by-products in 
solvent depends on whether they are detected as gel or remain soluble in the solvent. 
Swelling measurements on grafted samples crosslinked at 90°C for 24 hours in an 
autoclave shows that a higher level of grafting is achieved in the samples processed 
on the Buss-Ko-Kneader as indicated by low values of molecular weight between 
crosslinks and high crosslink density measurements in these samples. 
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CHAPER SEVEN: OVERALL CONCLUSION 
From the results obtained and analysed in this research project, various conclusions 
have been reached. 
An overall detailed reaction scheme shown in figure 7.1 illustrates the possible 
reactions likely to occur during the processing of the si lane grafted HDPE material in 
the compounding extruder. Evidence of some possible products assumed to have 
formed have been shown to be present using existing characterisation techniques. 
In the outline of reactions it can be seen that initially in the presence of high 
temperature the peroxide (tert-(butylperoxyisorpropyl) benzene) decomposes to form 
free radicals (a). 
The primary radicals generated may follow two different reaction pathways. They can 
either react with a silane molecule through the vinyl group to form a silane radical (b) 
that is capable of reacting with another si lane molecule to form a dimer, further 
reaction with another silane molecule (c) can form a trimer, alternatively the dimer 
can also fold to form a cyclic dimmer (d). 
Some silane molecules can form hydrolysed alkoxysilane groups (e) and then by 
further reacting with another silane molecule (f) through condensation reactions of the 
alkoxysilane groups can form a homopolymer with Si-O-Si links. This reaction also 
continues to form larger homopolymer molecules by reacting continuously with silane 
molecules. 
The primary radicals can react with polyethylene by abstracting a hydrogen atom 
from the polymer backbone forming macroradicals (g). The macroradicals can then 
undergo chain scission and break down into smaller fragments (which are not a 
common reaction in polyethylene) (h). Macroradicals can also form chemical bonds 
(C-C) with another macroradical forming stable molecules (i). Moreover 
macroradicals can perform the main grafting reaction by reacting with a silane 
molecule, the silane molecule is grafted onto the polyethylene backbone forming a 
grafted macroradical 0). This macroradical may continue to react with more silane 
molecules forming longer grafts (k), and may continually react with further silane 
molecules or the reaction may terminate after following a number of silane grafts. 
Alternatively the macroradical may also undergo a hydrogen atom transfer from the 
same polyethylene backbone (I) forming another radical site for further grafting 
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reaction, whereas if a hydrogen atom is transferred from another polyethylene 
molecule, terminating the single graft, and in return forming a radical site on the new 
polyethylene molecule (m). Moreover, primary peroxide radicals can continuously 
react with the initial polyethylene backbone generating further grafting sites. 
Further to the grafting the alkoxy groups from the si lane grafts can also hydrolyse and 
condense to form si lane crosslinks, this usually occurs with small traces of water 
which depends primarily on the reaction temperature, time and moisture level, from 
this the degree of siloxane crosslinks (Si-O-Si) formed can be determined. 
These reactions are continuously occurring during the processing of the material in 
the extruder. 
Intensive studies using FTIR have shown evidence of absorbance peaks characteristic 
of the silane to appear in the grafted samples following the reactive processing. 
Absorbance at 1192, 1092, 795, 814 and 1009cm-1 are clearly distinct and are 
attributed to the silane molecules. Peaks characteristic of the Si-O-CH3 groups in 
VTMOS are present at 1192 and 1092cm-1, with evidence also showing absorbance of 
Si-O-Si groups to be present at 1092cm-1• The peaks present at 795 and 814cm-1 are 
related to the absorbance vibration of Si-C bond in the silane with the vibration 
changing according to the saturation of the vinyl group which determines whether the 
silane molecule is reacted (unsaturated) at absorbance 795cm-1 or unreacted 
(saturated) at absorbance 814cm-1• The vinyl group (CH2=CH) of the VTMOS is also 
determined by the absorbance peak present at 1009cm-1, saturation content with 
respect to polyethylene peak at 719cm-1 showed changes with varying silane and 
peroxide concentration. 
Solvent (chloroform and acetone) extraction, followed with FTIR spectroscopy 
performed on the extracts has shown evidence of silicon absorbing groups to be 
present in the extracted material specifying high peaks present at 1260, 1090, 1030 
and 800cm-1• Moreover, GPC analysis showed evidence of polar group molecules 
present in THF, which is mainly due to the high content of hydrolysable alkoxy 
groups attached to the silicon that can be in the form of dimers, trimers, cyclic dimers 
or most preferably homopolymers formed during the extrusion processing of the 
material. In an attempt to produce homopolymer (at room temperature) it was seen 
that characteristic peaks of Si-OH groups increased with respect to absorbance peak 
representing the Si-OCH3 group. Homopolymer molecules are formed through 
hydrolysis and condensation of the alkoxy hydrolysable groups present in the si lane, 
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the above approach confirmed the possibility of homopolymer formation during the 
processing. 
It can be stated that silane is reacting in many ways which influence the overall 
performance ofthe product. 
A quantitative FTIR method established, expresses the Si-CH bond vibration in the 
silane, with emphasises on the changes in bond absorbance peak when the si lane 
molecules are reacted (vinyl bond broken-saturation) and unreacted (vinyl bond 
remains-unsaturation), as has already been stated above these absorbance peaks are 
vibrations at 795cm·1 and 814cm·1 respectively. The method was applied to all the 
processed material, showing that, with increase in silane concentration from Owt% to 
2.2wt% there is an increase in reacted silane reaching a maximum at 1.8wt% with 
99.30%. This then decreases with respect to excess silane. The results are supported 
by the unsaturated content of the CH2=CH groups measured at 1009cm-1 with respect 
to polyethylene at 719cm·1 which also showed an initial decrease with a minimum 
unsaturation at 1.8wt%, then followed by an increase with excess silane 
concentration. This clearly illustrates the change in silane behaviour with varying 
concentrations. 
In samples with increase in peroxide concentration from Owt% to 0.09wt% it was 
shown that there was an increase in reacted silane, reaching a plateau at 0.05wt% at 
which point there is insignificant variation in reacted silane. This is again supported 
with the findings from the unsaturation content of silane, showing a similar trend but 
decreasing with increase in peroxide concentration due to a decrease in the content of 
vinyl groups, since more reaction is occurring. However, there is no differentiation 
between reactions of silane molecules with the base polyethylene and/or reactions of 
peroxide with silane molecules forming dimers, trimers or the formation of silane 
homopolymers. 
Results obtained from chloroform extraction gave an indication of the decrease in 
absorbance peak at the two characteristic peaks 1092 and 1192cm-1 present in silane 
spectra, highlighting the possibility of by-products formed that are removed by 
extraction especially in samples that contain excess silane, since there are a lot more 
silane molecules present which can react in other forms apart from the direct grafting 
reactions. 
The absorbance peak overlap for Si-O-CH3 and Si-O-Si at 1092cm-1 was used to 
establish a quantitative test method that can be used to measure the concentration of 
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Si-O-Si groups present in the grafted samples. These results together with the gel 
content measurements showed there was no direct relationship between the content of 
Si-O-Si groups and gel, supporting evidence that side reactions are occurring with 
different forms of Si-O-Si groups present that can consist of various sized molecules 
which in effect influences the gel content measurement. This is because some 
molecules containing Si-O-Si may represent gel whereas other molecules may be 
soluble in solvent and not regarded as gel, giving an indication that some of the small 
molecules formed could be soluble in the xylene and so extracted when carrying out 
the analysis. 
Further analysis using various other techniques allowed determination of the structure 
and behaviour of siIane grafted HOPE. 
Thermal properties of the grafted samples were obtained from DSC results, showing 
insignificant variations in the samples. The only difference visible in the grafted 
samples is the slightly lower % crystallinity compared to the base polyethylene; this is 
due to the grafts/branches situated mainly in the amorphous phase of the material and 
therefore does not affect the materials mobility to crystallise. This can also explain the 
reason for undisturbed melting temperature (Tm) in the grafted samples, since there is 
no variation in the % crystallinity; the Tm is also not affected. Moreover, sample G 
which shows % crystallinity greater than the base polyethylene is due to excess 
VTMOS behaving as a lubricant, allowing crystallisation to occur easily. 
Other properties of silane grafted polyethylene depend on the molecular weight and 
degree of branching, which also has an influence on the flow behaviour of the 
material. MFI studies determine the flow of the grafted material, showing changes 
with varying silane and peroxide concentrations. Increase in silane concentration from 
Owt% to 2.2wt% results in an increase in MP!. The lubricating effect at high silane 
concentrations allows the material to flow easily; this in effect showed a decrease in 
melt viscosity. Samples with increasing peroxide concentration from Owt% to 
O.09wt% showed an increase in grafting and hence a decrease in MFI, this could be 
due to the increase in branching, which implies that greater entanglement of chains 
with neighbouring chains therefore causes a decrease in the flow of the material. 
Supporting evidence from molecular weight measurements, showed an increase in 
weight average molecular weight with increase in peroxide concentration. All these 
results coincide with the molecular weight measurements obtained from GPC studies, 
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portraying an inverse relationship, such that a decrease in molecular weight gives an 
increase in MFI. 
The gel content measurements as stated earlier are dependent on the ability of the 
insoluble material to remain in the mesh during the process. It is a significant measure 
to understand the network structure of the silane grafts or C-C linkages formed; 
however, there is no differentiation between the two types of links. It has been stated 
earlier that with increase in gel the MFI is also inversely related except for samples 
with a high concentration of silane (above 1.8wt%) that are dependent on the silane 
reacting in other forms apart from the direct grafting onto the polyethylene. The 
swelling measurements portray an outline of the network of crosslinks, the increase in 
gel content reflects on the increase in crosslink density, and decrease in Mc between 
crosslinks. From these results it can be suggested that the overall network structure is 
loosely connected which can also confirm the insignificant difference in % 
crystallinity, and all the grafts and crosslinks are situated mainly in the amorphous 
phase. 
The quantitative method was also applied on the production material (containing the 
standard formulation (with concentrations used in samples D and J). The results 
indicated a slightly higher grafting for samples processed on the Buss-Ko-Kneader 
compared to the Leistritz, with insignificant variations within the batch of grafted 
materials. Other characterisation techniques such as MFI, GPC, solvent ( acetone) 
extraction, gel content, swelling measurements were also used to determine the 
materials behaviour after processing. The conclusions drawn from these samples was 
that the MFI showed lower values compared to the base polyethylene, which 
coincides with the higher Mw of the grafted material (compared to the base 
polyethylene) which is due to grafting of silane or perhaps some polyethylene 
branching. 
Gel content of samples processed on the Leistritz showed greater variation within the 
batch of samples, with highest gel content in samples processed in Buss-Ko-Kneader. 
Swelling measurements confirmed the high gel content in the Buss-Ko-Kneader 
samples, indicating low molecular weight between crosslink and high crosslink 
density. Solvent extraction with acetone showed a smaller difference in absorbance 
peaks at I092cm·1 and I I 92cm·1 before and after extraction for samples processed on 
the Buss-Ko-Kneader compared to those processed on the Leistritz. This suggests that 
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by-products are formed in all the production samples; however the dominating 
reaction in the Buss-Ko-Kneader is the silane grafting to polyethylene, with greater 
side reactions occurring in the Leistritz extruder. 
The overall conclusion made on production material is that higher grafting can be 
achieved in material processed on the Buss-Ko-Kneader. The results obtained from 
this study indicate that there is slight variation in the production materials processed 
in the Leistritz compared to those processed in the Buss-Ko-Kneader. 
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CHAPER EIGHT: SUGGESTIONS FOR FUTURE WORK 
The results obtained from this research project have highlighted a profound 
understanding regarding the various reactions that are likely to be occurring during 
the processing of silane grafted polyethylene material. It has been demonstrated that 
the behavioural properties of the material are affected by slightly varying the 
concentrations of additives incorporated during the processing stage of grafting. This 
suggested that structural distributions of grafts are formed on the polyethylene 
backbone. 
It has been found that one of the parameters that affects the structure and properties of 
the material is varying si lane and peroxide concentrations. Even though it is difficult 
to differentiate the way silane is reacting during the processing stage, it would be 
interesting to investigate other parameters that could also affect the performance of 
the material such as varying screw speeds, however using the standard formulation 
and a set temperature profile. A set of low screw speeds (below 2S0rpm) such as 
30rpm, SOrpm, 70rpm, 90rpm, llOrpm, 130rpm, ISOrpm 170rpm, 200rpm (low screw 
speeds therefore greater residence time) can be investigated, also a set of high screw 
speeds (above 2S0rpm) such as 270rpm, 290rpm, 3lOrpm and 330rpm can be varied. 
Then following solvent extraction a measurable value of grafting can be calculated. 
The quantitative FTIR method can also be applied to these materials. 
In this research work it has been shown that Si-O-Si groups are not correlated to the 
gel content of the grafted material. It has been concluded that other products such as 
low molecular weight homopolymers are formed during the processing. Therfore 
further studies can be conducted by selecting a batch of standard silane grafted 
samples, and applying the quantitative method used to calculate Si-O-Si 
concentrations to pin point those samples above an average limit and then further 
analyse these samples. Techniques such as solvent extraction, Micro FTIR analysis, 
and perhaps electron microscopy could be used to compare the base polyethylene with 
other grafted samples from the same batch of materials. 
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The quantitative method established to measure the quantity of reacted and unreacted 
silane is based on silane grafted HDPE. Further investigations could be carried out by 
applying the method on a series of silane grafted LDPE and silane grafted LLDPE 
sample materials with varying silane and peroxide concentrations processed on the 
APV twin screw compounding extruder. This can therefore determine the effect of 
silane and peroxide on different grades of poly ethylene. 
Following solvent extraction it is necessary to separate the different products. This 
can be done using chromatography. The solvents and the extracted components can be 
seperated. Therefore further studies could be carried out using this technique. 
An alternative approach that could have been used to subtract VTMOS from the silane 
grafted samples is using FTIR software to deconvolute peaks from a silane grafted 
sample. Therefore further studies to confirm that the subtraction was valid could have 
been done using this procedure. 
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Appendix Al Formulations (wt%) used to preparc silane grafted HOPE samples 
Weight % 
Samplc Rigidcx VTMOS Perkadox Irganox Irgafos Irgafos 
4017EA 14S 1010 168 PEPQ 
A 97.975 0 0.050 0.033 0.100 0.035 
B 97.975 1.400 0.050 0.033 0.100 0.035 
C 97.975 1.600 0.050 0.033 0.100 0.035 
0 97.975 1.800 0.050 0.033 0.100 0.035 
E 97.975 2.000 0.050 0.033 0.100 0.035 
F 97.975 2.200 0.050 0.033 0.100 0.035 
G 97.975 1.800 0 0.033 0.100 0.035 
H 97.975 1.800 0.010 0.033 0. 100 0.035 
[ 97.975 1.800 0.030 0.033 0 .1 00 0.035 
J 97.975 1.800 0.050 0.033 0.100 0.035 
K 97.975 1.800 0.070 0.033 0.100 0.035 
L 97.975 1.800 0.090 0.033 0.100 0.035 
M 97.975 3.60 0.020 0.033 0. 100 0.035 
N 97.975 3.60 0.180 0.033 0.100 0.035 
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Appcndix A2 Formulations (wcight/grams) used to prepare silane grafted HDPE 
samplcs 
Wcight (Kg/g) 
Sample Rigidex VTMOS Perkadox Irganox Irgafos Irgafos 
4017EA (g) 14S 1010 168 PEPQ 
(Kg) (g) (g) (g) (g) 
A 2kg 0 1.08 0.67 2.04 0.71 
B 2kg 28.58 l.08 0.67 2.04 0.71 
C 2kg 32.66 l.08 0.67 2.04 0.71 
0 2kg 36.74 1.08 0.67 2.04 0.71 
E 2kg 40.83 l.08 0.67 2.04 0.71 
F 2kg 44.91 l.08 0.67 2.04 0.71 
G 2kg 36.74 0 0.67 2.04 0.7 1 
H 2kg 36.74 0.20 0.67 2.04 0.71 
I 2kg 36.74 0.61 0.67 2.04 0.71 
J 2kg 36.74 1.02 0.67 2.04 0.71 
K 2kg 36.74 1.43 0.67 2.04 0.71 
L 2kg 36.74 l.84 0.67 2.04 0.7 1 
M 2kg 73.49 0.41 0.67 2.04 0.7 1 
N 2kg 73.49 3.67 0.67 2.04 0.71 
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Appendix A3 Measurements from MFI analysis on HDPE and si lane grafted HDPE samples 
HDPE A B C 0 E F G H I J K L M N 
Shear 181410 181410 181410 181410 181410 181410 181 4 10 181410 181410 181410 181410 181410 181410 181410 181410 
stress 
(pa) 
Melt 0.7320 0.7541 0.7541 0.754 1 0.754 1 0.754 1 0.7541 0.754 1 0.7763 0.7541 0.754 1 0.754 1 0.754 1 0.7541 0.7320 
density 
(glee) 
Flow 19.34 1 7.495 2.794 2.863 3.482 3.950 4.5 13 19.075 18.422 9.790 5.309 1.848 0.946 19.270 0.2 16 
rate 
(gllO) 
Volume 26.422 9.939 3.705 3.797 4.617 5.238 5.984 25.294 23 .730 12.982 7.040 2.450 1.255 25.553 0.295 
rate 
(cellO) 
Viscosity 37540 10062.4 26993 .6 26341.3 2 162 1.9 19163 .3 16780.0 3920.2 4191.2 7699.1 14215.9 40633 .8 79569 3888.2 340702.2 
(pa-s) 
Shear 48.371 18.196 6.782 6.951 8.453 9.588 10.955 46.306 43.444 23 .768 12.888 4.600 2.298 46.781 0.540 
rate (s) 
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Appendix A4-AIO Molecular weight results on silane grafted HDPE using GPC 
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Appendix 6 
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2.00-r-----ln1[ill~.Yt~®~QL---_____, 
....... 
o 
.-f/) 
~ 
.-;> 
U 
.-f/) 
£ 
1:>0 
o 
...l -1.00 
Rapn Tochnology Limited 
BASEPE ~M (RTL5087) l:. I"J 
Sample 4 e\ 
(RTL5080 14) ISoJ 
SampleS rC\ 
(RTL5080 15) t; J 
Sample 6 fr1J (RT1.5080 16) 
NBS IH5 
(linear PE) 
NRS IH 6 
(brnnchcd PE) 
2.00+-----,..-----,-----.-----.------1 
6.00 7.00 
Log M 
Appendix 9 
2.00 ,--_____ ~!!!.le!.!!~~!...!i~~U_.!....!~------, 
....... 
o 
. C;; 1.00 
o 
~ 
;> 
.~ 
f/) 
'.5 
.5 
~ 
1:>0 
o 
...l -1.00 
Rapn T •• bnology Limit.d 
( ~~,Sfo~~) ~~E) 
Sample 7 C;rJ (RTI.S080 I 7) 
Sample 8 Gr] 
IRTL5080 18) 
mplc ~ c,<.' 
IRTL'080 ~I l! -) 
Sample 10 CL] (RTLS080 1I 0) 
NBS 14 7; 
(linear PEI 
NBS 1476 
(brnnchcd PEI 
-~00 +_--------_r----------r_--------_r----------r_--------_1 
2.00 ),00 4.00 6,00 7.00 
Log M 
223 
CHAPTER TEN LIST OF APPENDIXES 
Appendi x 10 
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Appendix All Results from swelling analysis on sHane crosslinked HDPE 
sample wet weight dry weight V2 Mc n 
Al 0.4029 0.04 0.080054364 55.275045776 9.04567320E-03 
A2 0.5632 0.0559 0.080032987 55.303670797 9.04099118E-03 
A3 0.545 0.0542 0.080193816 55.088838334 9.07624875E-03 
B1 0.4513 0.0267 0.047297522 148.998026702 3.35574914E-03 
B2 0.5656 0.0292 0.041206796 191.689713090 2.60838201 E-03 
B3 0.8583 0.045 0.041854580 186.327268552 2.68345049E-03 
Cl 0.8146 0.0551 0.054173291 115.938452819 4.31263302E-03 
C2 0.9199 0.0675 0.058840121 99.365635878 5.03192070E-03 
C3 1.7343 0.1822 0.084817632 49.395991317 1.01222789E-02 
Dl 1.175 0.0999 0.068347173 74.886525586 6.67676857E-03 
D2 1.009 0.0857 0.068277029 75.033016419 6.66373317E-03 
D3 0.97 0.0857 0.071074210 69.501378407 7.19410192E-03 
El 1.44 0.1277 0.071344764 68.998311657 7.24655413E-03 
E2 1.2267 0.1207 0.079324703 56.264409736 8.88661238E-03 
E3 1.6 0.129 0.064752064 82.973358283 6.02603065E-03 
Fl 2.1011 0.2 0.076687336 60.063645322 8.32450307E-03 
F2 1.674 0.16 0.077008986 59.580644691 8.39198707E-03 
F3 1.474 0.156 0.085459789 48.673435654 1.02725438E-02 
Gl 1.667 0.1374 0.066222004 79.518673744 6.28783123E-03 
G2 1.9882 0.2222 0.090359339 43.630909083 1.14597658E-02 
G3 2.1046 0.198 0.075776160 61.463280484 8.13493839E-03 
Hl 0.4583 0.0267 0.046566138 153.323953324 3.26106906E-03 
H2 0.5746 0.042 0.058609468 100.099593961 4.99502526E-03 
H3 1.256 0.0817 0.052067898 124.790270790 4.00672261 E-03 
11 0.6233 0.047 0.060492209 94.334041590 5.30031356E-03 
12 0.4986 0.0366 0.058862922 99.293516041 5.03557553E-03 
13 0.5233 0.0389 0.059620865 96.939530593 5.15785456E-03 
Jl 0.6901 0.0537 0.062457541 88.824601900 5.62907111 E-03 
J2 1.256 0.098 0.062629456 88.365434092 5.65832110E-03 
J3 0.875 0.0679 0.062282263 89.296388518 5.59933059E-03 
Kl 2.1043 0.1984 0.075943387 61.202870397 8.16955147E-03 
K2 1.4966 0.1635 0.088280743 45.673559833 1.09472527E-02 
K3 1.449 0.1572 0.087653064 46.317488344 1.07950586E-02 
Ll 1.7254 0.1843 0.086270440 47.782914150 1.04639913E-02 
L2 1.7343 0.1822 0.084817632 49.395991317 1.01222789E-02 
L3 1.7051 0.1936 0.091835683 42.259070329 1.18317795E-02 
Ml 0.4029 0.04 0.080054364 55.275045776 9.04567320E-03 
M2 1.1641 0.1549 0.108081013 30.528438664 1.63781714E-02 
M3 2.0715 0.194 0.075424749 62.015796858 8.06246191 E-03 
N1 1.1325 0.152 0.109044066 29.985805878 1.66745560E-02 
N2 1.1641 0.1549 0.108081013 30.528438664 1.63781714E-02 
N3 1.1587 0.153 0.107229137 31.020119104 1.61185713E-02 
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Appendix A12 ¥fIR data for calibration plot ofVTMOS 
Concentration (g/I) Concentration (wt%) Absorbance peak height (cm-I) 
0 0 0 
0.0025 0.000281214 0.007 
0.005 0.000562427 0.009 
0.0075 0.000843637 0.01 
0.01 0.001124847 0.012 
0.015 0.001687261 0.022 
0.02 0.002249668 0.027 
0.025 0.002812069 0.037 
0.03 0.003374464 0.044 
0.035 0.003936853 0.053 
, 0.04 0.004499235 0.06 
Appendix A13 ¥fIR data for calibration plot of octyItrimethoxysilane 
Concentration (g/l) Concentration (wt%) Absorbance peak height (cm-I) 
0 0 0 
0.0025 0.000281214 0.001 
0.005 0.000562427 0.002 
0.0075 0.000843637 0.002 
0.01 0.001124847 0.004 
0.015 0.001687261 0.005 
0.02 0.002249668 0.007 
0.025 0.002812069 0.009 
0.03 0.003374464 0.011 
0.035 0.003936853 0.012 
0.04 0.004499235 0.014 
226 
CHAPTER TEN LIST OF APPENDIXES 
Appendix A14 FTIR data 
FTIR data for Polydimethylsiloxane (PDMS) at l092cm·1 
[i] SJ-fIMADZU 
I I. 
Name i I Unit I I Peak height I I 
Use I Spectrum I 1 181 Ipdmsdform1a_1\chlorofonnbackground1 I 2 181 i pdmsclfonn2a_l\pdmsclfonn2al 
I 3 181 Ipdmsclfonn3\pdmsclfonn31 4 181 ! pdmsclfonn4\pdmsclfonn41 5 181 ipdmsclfonn5lpdmsclfonn51 
6 181 !pdmsdfonn6\pdmsctfonn61 I 7 181 !pdmsclfonn7\pdmsdfonn71 
8 181 I pdmsclfonn8\pdmsclform81 I I 
9 181 pdmsclform8\pdmsclfonn91 i 10 181 IpdmsclfonnlO\pdmsclfonnl0l 
........ _ ... _ ... _ ... _ ..__ ...... 1 .. _ ..... _ .... _._ .. _. __ ._.-J 
Component 1 i 
Uni\, ; 
1049.793.1.12!.913 I 
concentra;o:.
0031
1 ~e~k height 0.0071 
0.005 0.013! 
0.007 0.0181 
0.010 0.027,' 
0.015 0.036 
0.020 0.051 ! 
0.025, 0.060 I' 
0.030, 0.082 
0.0351 0.0851 
0.040 0.098 
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FfIR data for Vinyltrimethoxysilane <YTMOS) at l092cm-1 
I 
Name i Unit , ! Peak height 
i 
Us. I Spectrum 
1 181 ,samplelalllsamplelalll 
2 181 lsample2alllsample2alll 
S 121 !samp1eSalllsampleSalll 
4 181 isamp1e4alllsamp1e4alll 
5 181 !sample5alllsample5al11 
6 181 jsample6a1\sample6a11 
7 181 !sample7allsemple7all 
8 181 jsample8a1\sampIe8a11 
9 181 isample9al1sample9all 
10 181 Isamplel0allsamplel0all 
Colf. HI~e!!!h!!!I ______________ , 
0.225 
o 
0.15 
o 
0.075 
o 0 
o 
o 0.015 0.03 
Corr. Height. -6.296E·3 + 5.141 • cAi, r= O.99fArb.Unlts 
0.3 
Abs 
0.15 
o 
-0.15 
~ SI-IIMAOZU 
f __ .... __ . __ .. __ ._ ... _. _____ ._.L_ .. _ .. _ .. ______ .. _________ --1 
Component 1 ! ! 
i 
! 
Unit i 
1049.793-1127.913 1 
'. , 
I Concentration I "h"' ,Peak height 1' 
.". l 
! , 
! 
! 
i 
i 
f 
I 
. i 
i 
Fi='" 
1200 
sample10a1 
0.0031 
0.005; 
0.007\ 
0.010; 
0.015! 
0.0201 
0.0251 
0.0301 0.035; 
0.040 1 
f), 
~ - ~~ . :..,-
1125 1050 
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0.0201 
0.021 ! 
0.021 i 
0.043 1 
0.071, 
0.098 1 
0.121
1 0.138, 
0.172j 
0.209 1 
l/cm 
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FTIR data for Vinyltrimethoxysilane (VTMOS) at 1192cm·1 
,. 
.. 
Name 
Unl 
.. IPeak helghl 
Un Spectrum 
1 181 aample1a11lsample1a111 
2 181 sample2alllsample2a111 
3 181 aample3alllsample3a1.11 
4 181 samp1e4al1Isamp1e4a111 
5 181 I sample5a11Isample5a111 
6 181 Isamp1e6a1Isample6a11 
7 181 laamplo781lsample7al1 
8 181 aamp1e6a1Isamp1e6a11 
9 181 iaamplo9a11samp109al1 
10. 181 IsamplolDallsample1Dall 
~.H~~~ ______ r-______ ~ ______ -, 
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" . - - -,_ .. -, - - -- --.. " _,- ~ --~ ~ ---- -
· , 
• 
• 
o 0.0.15 0.03 
~. Helght-·1.014E-3+ 7.63OE-1·"1, ,- DArb.Unlts 
I 
I 
i 
i 
I 
i 
! , 
I 
I 
tm SHIMACZI ' 
Conc.ntnU~ . 
0.003 
0.005 
0.007 
0.0.10 
0.0.15 
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0..0.30 
0.0351 
0.040 
.' ,Paak height 
0.003 
0.003
1 
0..
0031 0..006 
0.010.
1 
0..015 
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0..020.1 
0..0251 
0.031 1 
0.4 -- ~ - - --' - -- ~ .. :- -- - - - - -. ~- ... ~ ~ ----. --~,.. 
0..2 " ........ -- .. --..... -- ........ "' ....... f), ..•.. ,. 
DI~~~~~'~~~~~~~-~~-~~ 
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, . 
..i M ....... ~ ___ ~ * ~I ___________ ,,- ___ ~ _ •. ____ I.. 
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sample10a1 
• 
1:zbo 1125 1050 
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Calculation performed 
Absorbance 1092cm-I =Absorbance 1092(Si_0_ci) + Absorbance 1092(Si_0_Si) 
Absorbance 1192cm-I=Absorbance 1192(Si_O-ci) + Absorbance 1192(Si_008i) 
A 1092 (Si-O-CH ,) + A 1092 (Si-O-Si) 
A 1192 (Si-O-CH,) + A 1192 (Si-O-Si) 
AI092 _ &1092(Si-O-CH,) ClO92(Si-O-CH,) + &1092 (Si-O-Si) ClO92(Si-O-Si) 
& 1192(Si-O-CH,) CI192(Si-O-CH,) + & 1192 (Si-O-Si) C 1192(Si-O-Si) 
a b 
=-+-x 
c c 
AI092 = x+ yx 
A 1192 
.::A.:::...!I""09",,z_ _ x 
A 1192 
y 
C (Si-a-Si) 
C (Si-a-CH ,) 
C (Si-O-Si) 
C (Si-O-CH,) 
C (Si-O-Si) 
C (Si-O-CH,) 
C (Si-O-Si) 
C (Si-a-CH ,) 
A 1092 _ X 
A 1192 
y 
C (Si-O-Si) 
C (Si-O-CH ,) 
Ratio 
Equation I 
Equation 2 
Equation 3 
Equation 4 
Equation 5 
Equation 6 
Equation 7 
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Note that: 
x = _A_1:..:0:..:92:..:{",S:..:i -_o=-.-:..:CH::..:<.3 :...) 
A1l92{Si-O-CH3) 
y= 
and 
AI092(Si-O-Si) 
Al192{Si-O-CH3 ) 
A 1092 
A 1192 
= Absorbance peak heights of si lane grafted samples measured for 
individual samples 
x and y are calculated using the data obtained from calibration graphs. 
Since A = 8 cl therefore, & = A which is also written as A x! . 
cl c I 
The A corresponds to the gradient of the calibration graphs constructed for that 
c 
particular absorbance group in the compound, whereas I is the spacer thickness and 
when inserted into the Beer-Lambert-Law equations, and taking ratios allow to 
eliminate the thickness errors in the calculations. 
Therefore, extinction coefficients at absorbance peaks corresponding to Si-O-CH3 and 
Si-O-Si calculated from calibration graphs are substituted into equation 6 and also 
absorbance at I092cm·1 and 1192cm·1 are substituted for individual samples. From 
this a concentration ratio is can be obtained (equation 7). 
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Appendix A15 FfIR Spectrum of VTMOS 
0.7 
0.6 
1092cm-' 
0.5 
" u 0.4 c: 
'" € 
0 0.3 
'" .0 
..: lO92cm-' 
0.2 
0.1 
0.0 
4000 3500 3000 2500 2000 1500 1000 
W avenum ber 
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